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Preface
Wireless and mobile communications such as W-CMA and LTE, as well as the wireless
sensors and radar systems, have been attractive applications in microwave and millimeter-
wave. The fields are not only wireless communications but also astronomy and medical
fields. Moreover a wireless power transfer will be realized in near future. Therefore,
microwave and millimeter-wave circuits will be important to advance these technologies.
An oscillator is the most important component because it is an essential source of the
RF signal. Especially, in the wireless communication systems, the performance of the
oscillator decides the quality of the communication systems. The oscillator is required for
all the transmitters and receivers. However, the oscillators in high frequency bands have
some practical problems such as the output power, phase noise, stability and cost.
A harmonic oscillator is one of the effective solutions for these problems . In this
study, a Selectively Enhanced Harmonic Oscillator (SEHO) is presented. High frequency
millimeter-wave signal can be generated by using inexpensive microwave devices. Based
on the coherent field of the line resonator, several SEHOs are proposed. The important
technical concepts of this study are as follows.
(1) Enhance the desired resonant field in a line resonator.
(2) Selectively extract the desired harmonic signal from the resonant field.
All researches described in this dissertation are based on the concept.
Chapter 2 explains the oscillator theory. At first, basic oscillator principles of a feedback
oscillator and a negative resistance oscillator are explained. Then, a harmonic oscillator
which is the core technology of this study is mentioned. A structure and the principle of
the basic push-push oscillator is explained. Then, a simple structure push-push oscillator
utilizing the electromagnetic resonant field is introduced.
ii
Chapter 3 describes the 8th harmonic oscillator. The proposed oscillator can generate
the 8th harmonic signal using inexpensive low frequency semiconductor devices. De-
sired harmonic signal is enhanced in the resonator due to the boundary condition of the
resonator. The 8th harmonic signal is selectively obtained by using the output circuit sup-
pressing undesired harmonic signals. This study firstly achieved 8th harmonic oscillator
in the world.
In chapter 4, a Gunn diode harmonic oscillator is described. Gunn diode devices are
embedded in the slot line resonator. Utilizing the RF impedance of the Gunn diode, the
desired second harmonic resonant mode is successfully enhanced suppressing undesired
harmonic resonant modes. A boundary condition is also formed in the resonator so as
to improve the phase noise performance. Using the advantage of the Gunn diode device,
very good output performance is achieved. An advantage of the proposed oscillator is a
very simple circuit structure because only one bias circuit is required for all the Gunn
diode devices. Moreover, the circuit configuration of the proposed oscillator can develop
multi device configuration to achieve the multi output and low phase noise.
In chapter 5, a push-push VCO is described to apply to the practical wireless com-
munication systems. The oscillator adopts a positive feedback push-push oscillator and a
both-sided MIC technology. The positive feedback oscillator is more suitable for the VCO
than the reflection type push-push oscillator including the resonator because the oscillator
has lower Q factor than that of the reflection type oscillator. The push-push VCO has two
positive feedback loops. The oscillating frequency is determined by the electrical length
of the feedback loops. A phase shifters is formed in each positive feedback loop to control
the electrical length of the loop.
Chapter 6 describes a coupled push-push oscillator array. The coupled oscillator ar-
ray has been studied to achieve the beam steering and power combining in space. In
the coupled push-push oscillator array, unit oscillators and coupling network circuits are
combined. Unit oscillators generate same frequency signal by the mutual synchronization.
The phase of the output signals are controlled with constant oscillating frequency. As the
mutual synchronization of the oscillator is achieved at the fundamental frequency (f0)
and the output signal is the second harmonic frequency (2f0), twice larger phase shift
is obtained compared to the phase shifter. Two types of coupled push-push oscillator
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array are demonstrated. One is the coupled oscillator array using the unsymmetrical res-
onator circuit. The other is the injection locked coupled oscillator array using a unilateral
coupling circuit.
Chapter 7 is the discussion and conclusion. Further study of the SEHO and its appli-
cations are mentioned.
In this dissertation, the principle of the SEHO is proposed and the basic behavior is
confirmed using the MIC technology which is the basic manufacturing of the microwave
integrated circuit. Compared to the conventional harmonic oscillators, the high frequency
millimeter-wave signal can be easily generated without filters, mixers, and amplifiers
which were required in the conventional harmonic oscillators. The proposed oscillator
principle is very effective to integrate these RF circuits which have some problems for the
integration. While, the semiconductor technology is steadily progressing. An InP HBT
which generates hundreds of GHz millimeter-wave signal is developed. The THz signal
which has been generated by optical devices will be generate by only the electronics circuit
combining the semiconductor devices and the proposed principle in near future.
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1 Introduction
1.1 Background
Wireless communication services have been rapidly expanding year after year. The
requirement of the high speed data transmission in the wireless communication systems
has been increasing every year. A millimeter-wave wireless LAN in 60 GHz band, a
collision avoidance car radar in 77-GHz and 24-GHz bands, and Terahertz wave detectors
and imaging technology in biomedical field are promising applications of the wireless
technology [1], [2].
An oscillator is the most important component in the microwave and millimeter-wave
systems because the characteristic of the oscillator mainly decides the system quality.
However, microwave and millimeter-wave oscillators have still some practical problems
such as the output power, phase noise, stability and cost. Performances of the high fre-
quency oscillator are restricted because of the performance of the semiconductor devices.
Some approaches for these issues have been demonstrated. Semiconductor device tech-
nologies have been developed. 90 nm CMOS and SiGe HBT achieves high frequency
performances as well as GaAs transistors. InP device consisting the advantages of high
electron density and high electron mobility achieves 350 GHz operation [3]. GaN is pro-
gressing for the high power device utilizing its wide band gap [4].
Some circuit configurations to obtain high frequency signal have been developed as well
[5]. Harmonic oscillator, frequency doubler, frequency multiplier, sub-harmonic mixer,
Phased Locked Loop (PLL) oscillator, and injection locking are the up converting meth-
ods. Down converting the optical power spectrum using mixer and filters is also one of
the signal generation method. In this dissertation, we call these high frequency signal
generation method “conventional oscillator”.
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1.2 Concept and Technology
Amain concept of this dissertation is a Selectively Enhanced HarmonicOscillator (SEHO).
Figure 1.1 shows the basic research concept of the proposed oscillators. This concept con-
sists of two approaches as follows,
(1) Enhance the desired resonant field in a line resonator.
(2) Selectively extract the desired harmonic signal from the resonant field.
The boundary condition of the resonator is formed by the layout of the resonator and em-
bedding the semiconductor devices so as to enhance the desired resonant field. To obtain
and enhance the output signal, output circuit is effectively coupled with the resonator
utilizing the excellent time and space coherency of the line resonator.
Line resonator
(1) Enhance the desired harmonics in the resonator
(2) Selectively obtain the desired harmonic signal
Fig. 1.1: Basic concept of the proposed oscillators.
The circuit structure of the SEHO is much simpler than that of these conventional high
frequency signal generation methods. Figure 1.2 shows the problems of the conventional
oscillator and the advantages of the proposed SEHO. Conventional signal oscillators have
some practical problems, for example, low output power, requirement of the external
circuits (filter, mixer, amplifier, etc.), undesired harmonics suppression, phase noise. To
satisfy the practical requirement, conventional oscillators need some external RF circuits,
therefore, the circuit structure must be complicated.
For example, Fig. 1.3(a) shows the process of the conventional harmonic oscillators.
Harmonics are generated by the oscillator. Then the desired harmonic signal is selected
2
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Selectively Enhanced Harmonic Oscillator
(This work)
High output power
Low noise
No external circuit
Advantage
Problems of the conventional 
high frequency oscillators
Low output power
External circuits 
(filter, mixer, amplifier, etc.)
Phase noise
Undesired harmonics
Simple structure
Complicated structure
Fig. 1.2: Problem of the conventional oscillators and advantages of the proposed SEHO.
filter amplifier
(a) Conventional harmonic oscillator 
(b) Selectively Enhanced Harmonic Oscillator 
fff
f
Fig. 1.3: Comparison of the conventional harmonic oscillator and the proposed SEHO.
and undesired harmonics are suppressed by an RF filter. The amplitude of the desired
signal is enhanced by a high frequency amplifier. Through the filter and the amplifier, the
noise performance becomes worse due to the loss of the filter and the noise of the amplifier.
The other up conversion or down conversion technologies also need RF or optical filters,
mixers and amplifiers as well as the harmonic oscillator.
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The proposed oscillators can realize these RF signal processing all together in the
oscillator. Due to the excellent time and space coherency of the line resonator, boundary
condition of the resonator, and integer high order resonant field of the line resonator make
the oscillator simple circuit configuration.
1.3 Positioning of the Proposed SEHOs
Harmonic order
1 2 3 4 5 6 7 8
Ph
as
e 
no
ise
Low 
High 
Conventional
oscillators
8th harmonic 
push-push
oscillator
Octa-push
oscillator
Gunn diode
harmonic 
oscillator
This work
chap. 3
Quadruple-push
oscillator
This work
chap. 4
Our previous
work
Fig. 1.4: Technical positions of the conventional harmonic oscillator and the proposed
basic oscillators based on SEHO.
In this dissertation, three basic harmonic oscillators in millimeter-wave to terahertz
wave bands based on the SEHO and two oscillator applications are represented. Figure
1.4 shows the technical positions of these basic oscillators and the conventional oscillators.
Conventional harmonic oscillator principles and structures don’t suited for a high order
harmonic generation. Third harmonic oscillator is the highest order harmonic oscillator
using the conventional principle and structure. The proposed SEHO which utilizes the
electromagnetic resonant field is very suited to obtain the high order harmonic.
In our conventional work, a quadruple-push oscillator based on the SEHO has been
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presented [6]. An 8th harmonic push-push oscillator, an octa-push oscillator, and a Gunn
diode harmonic oscillator are described in chapter 3 and 4 as the basic oscillator principle.
The 8th harmonic oscillators in chapter 3 are developed to achieve the highest order
harmonic oscillator using FETs. The phase noise is important evaluation for the oscillator.
Low phase noise is required all the wireless systems. To improve the phase noise of the
8th harmonic push-push oscillator, the octa-push oscillator is proposed. Due to the multi
active device, lower phase noise can be obtained.
In chapter 4, a second harmonic Gunn diode oscillator based on the SEHO is described.
The Gunn devices generally have low phase noise characteristics compared to the FETs.
The RF impedance characteristic is different with the transistor devices. The Gunn diode
harmonic oscillator principle can also extend for high order harmonic oscillator as well as
the 8th harmonic oscillators.
A push-push VCO and a coupled oscillator array in chapter 5 and 6 are the application
of the SEHO. The push-push VCO in chapter 5 is developed to apply the practical wireless
system. In the push-push VCO, the electromagnetic resonant field is intentionally varied
by the variable capacitors to control the resonant frequency. The coupled oscillator array
using the SEHO in chapter 6 is developed for the radar applications. Using the advan-
tage of the SEHO, the mutual synchronization and the phase control between adjoining
oscillator is demonstrated.
1.4 Constitution of this Dissertation
The SEHO in microwave and millimeter-wave band is proposed and demonstrated.
Chapter 2 describes the basic theory of the oscillator. In the following chapters, the 8th
harmonic oscillator, the Gunn diode harmonic oscillator, the push-push VCO are proposed
as the basic oscillators based on the SEHO concept. Finally, the coupled oscillator array
is presented for the application of the proposed oscillators.
In chapter 2, the feedback oscillator which is the basic theory of the oscillator and
the negative resistance oscillator which is well used in the high frequency oscillator are
explained. Next, the theory of the phase noise which is most important evaluation in the
oscillator is explained. Then, the principle of the push-push oscillator and the simplified
5
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push-push oscillator using the principle of the SEHO is presented.
In chapter 3, the 8th harmonic oscillator is proposed and the design method is described.
Based on the SEHO, theories to obtain the 8th harmonic signal are represented. Desired
8th harmonic signal is enhanced in the resonator due to the boundary condition of the
resonator. Adopting the SEHO principle, the 8th harmonic signal is selectively obtained
by using the output circuit suppressing undesired harmonic signals. The design methods
are effective to realize the low cost millimeter-wave up to terahertz wave signal generation
because semiconductor devices of 1/8 frequency band of the desired output frequency can
be used.
In chapter 4, the Gunn diode harmonic oscillator using the line resonator is described.
Gunn diodes are embedded in the slot line resonator. Utilizing the RF impedance of
the Gunn diode, the desired second harmonic resonant mode is successfully enhanced
suppressing undesired harmonic resonant modes. A boundary condition is formed in
the resonator to improve the phase noise performance. By using the both-sided MIC
technology and the RF impedance characteristic of the Gunn diode, high performance
oscillator with very simple structure is achieved.
Chapter 5 describes the positive feedback type push-push VCO. The VCO has two
positive feed back loops. The oscillating frequency is determined by the electrical length
of the positive feedback loop. A branch line phase shifter is formed in each feedback
loop to control the electrical length of the loops. The oscillator performance with linear
frequency variation versus the tuning voltage is demonstrated.
In chapter 6, the coupled push-push oscillator array as the practical application for
radar systems is described. The coupled oscillator array has been studied to achieve the
beam steering and power combining. In the coupled oscillator array, using oscillators and
coupling network circuits are combined. Unit oscillators generate same frequency signal by
the mutual synchronization. The phase difference of the output signals is controlled with
constant oscillating frequency. As the advantage of the coupled push-push oscillator array,
twice larger phase shift is obtained compared to the phase shifter. In this chapter, two
examples of the coupled oscillator array are demonstrated. One is the coupled oscillator
array using a unsymmetrical resonator circuit. The other is the injection locked coupled
oscillator array.
6
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Chapter 7 summarizes all the SEHOs and their application of the VCO and the cou-
pled push-push oscillator. The promising potentiality of the proposed oscillator is also
mentioned.
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In this chapter, the principles of several oscillators are described. First, we explain a
feedback type transistor oscillator circuits, including the well-known Hartley and Colpitts
configurations as well as crystal controlled oscillators. Second, we consider oscillators
for use at microwave frequencies which differ from their lower frequency counterparts
primarily due to different transistor characteristics and the ability to make practical use
of negative resistance devices. We also discuss the important topic of oscillator phase
noise. Finally an introduction to push-push oscillator is given.
2.1 Introduction to Oscillators
2.1.1 Microwave and Millimeter-wave Oscillators
Oscillators are universally found in all wireless communication and radar systems to
provide signal sources for frequency conversion and carrier generation [8]. A solid-state
oscillator uses an active nonlinear device such as a diode or transistor in conjunction
with a passive circuit to convert DC to a sinusoidal steady-state high frequency signal.
Basic transistor oscillator circuits can generally be used at low frequencies, often with
crystal resonators to provide improved frequency stability and low noise performance. At
higher frequencies, diodes or transistors biased at a negative resistance operating point
can be used with cavity, transmission line, or dielectric resonators to produce fundamental
frequency oscillations up to 100 GHz. Alternatively, frequency multipliers can be used
to produce power at millimeter-wave frequencies. Because of the non-linearity of active
devices, rigorous analysis and design of oscillator circuit is very difficult.
Important considerations for oscillators used in microwave and millimeter-wave systems
include the following:
• harmonics (specified in dBc below carrier)
8
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• AM and FM noise (specified in dBc/Hz below carrier, offset from carrier)
• frequency stability (specified in PPM/◦C)
2.2 Feedback Oscillator
In the most general sense, an oscillator is a nonlinear circuit that converts DC power
to an AC wave form. In this study, a feedback oscillator described in chapter 5 and a
negative resistance oscillator described in chapter 3, 4, 6 are adopted. In this section, the
feedback oscillator which is used from low frequency to microwave band is explained. Most
microwave and millimeter-wave oscillators provide sinusoidal outputs, which minimizes
undesired harmonics and noise sidebands. The basic conceptual operation of sinusoidal
oscillator can be described with the linear feedback circuit shown in Fig. 2.1. An amplifier
with voltage gain in ‘A’ has an output voltage V0. This voltage passes through a feedback
network with a frequency dependent transfer function H(ω), and is added to the input Vi
of the circuit. Thus the output voltage can be expressed as
V0(ω) = AVi(ω) +H(ω)AV0(ω), (2.1)
which can be solved to yield the output voltage in terms of the input voltage as
V0(ω) =
A
1− AH(ω)Vi(ω). (2.2)
Vi(ω)
A
H(ω)
V0(ω)
Fig. 2.1: Block diagram of a sinusoidal oscillator using an amplifier with a frequency
dependent feedback path.
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Y3
Y1
Y2
+
-
Gi
Base/
gate
Emitter/
source
Emitter/
source
Collector/
drain
gm(V1-V2) G0
V1
V2
V3
V2
V4
feedback network BJT or FET
Fig. 2.2: General circuit for a transistor oscillator..
The equivalent circuit on the right-hand side of Fig. 2.2 is used to model either a
bipolar or a field-effect transistor. We have assumed here a unilateral transistor, which
is usually a good approximation in practice. We can simplify the analysis by assuming
real input and output admittances of the transistor, defined as Gi and G0, respectively,
with a transistor trans conductance gm. The feedback network on the components are
usually reactive elements (capacitors or inductors) in order to provide a frequency selective
transfer function with high Q. A common emitter/source configuration can be obtained
by setting V2 = 0, while common base/gate or common collector/drain configurations can
be modeled by setting either V1 = 0 or V4 = 0. respectively. As shown Fig. 2.2 the circuit
does not include a feedback path — this can be achieved by connecting node V3 to node
V4.
Writing Kirchhoff’s equation for the four voltage nodes of the circuit shown in Fig. 2.2
gives the following matrix equation:

(Y1 + Y3 +Gi) −(Y1 +Gi) −Y3 0
−(Y1 +Gi + gm) (Y1 + Y2 +Gi +G0 + gm) −Y2 G0
−Y3 −Y2 (Y2 + Y3) 0
gm −(G0 + gm) 0 G0




V1
V2
V3
V4

 = 0 (2.3)
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Recall from circuit analysis that if the ith node of the circuit is grounded, so that Vi = 0,
the matrix of (2.3) will be modified by eliminating the ith row and column, reducing the
modified by adding the corresponding rows and columns.
2.2.1 Oscillators Using a FET
Next consider an oscillator using an FET in a common gate configuration. In this case
V1 = 0, and again V3 = V4 provides the feedback path. For an FET the input admittance
can be neglected, so we set Gi = 0. Then the matrix of (2.3) reduces to
[
(Y1 + Y2 + gm +G0) −(Y2 +G0)
−(G0 + gm + Y2) (Y2 + Y3 +G0)
] [
V2
V
]
= 0, (2.4)
where V = V3 = V4. Again we assume the feedback network is composed of loss less
reactive elements, so that Y1, Y2 and Y3 can be replaced with their susceptances. Setting
the determinant of (2.4) to zero then gives
∣∣∣∣∣ (gm +G0) + j(B1 +B2) −G0 − jB2−(G0 + gm)− jB2 G0 + j(B2 +B3)
∣∣∣∣∣ = 0. (2.5)
Equating the real and imaginary parts to zero gives two equations:
1
B1
+
1
B2
+
1
B3
= 0, (2.6)
G0
B3
+
gm
B1
+
G0
B1
= 0. (2.7)
As before, let X1, X2, and X3 be the reciprocals of the corresponding susceptances. Then
(2.6) can be rewritten as
X1 +X2 +X3 = 0. (2.8)
Using (2.6) to eliminate B3 from (2.7) reduces that equation to
X2
X1
=
gm
G0
. (2.9)
Since gm and G0 are positive, (2.9) shows that X1 and X2 must have the same sign,
while (2.8) indicates that X3 must have the opposite sign. If X1 and X2 are chosen to be
negative, then these elements will be capacitive and X3 will be inductive. This conclusion
11
2 Oscillators
leads to two of the most commonly used oscillator circuits. If X1 and X2 are capacitors
and X3 is an inductor, we have a Colpitts oscillator. Let X1 = −1/ω0C1, X2 = −1/ω0C2,
and X3 = ω0L3. Then (2.8) becomes
−1
ω0
(
1
C1
+
1
C2
)
+ω0L3 = 0, (2.10)
which can be solved for the frequency of oscillation, ω0, as
ω0 =
√
1
L3
C1 + C2
C1C2
, (2.11)
Using these same substitution (2.8) gives a necessary condition for oscillation of the Col-
pitts circuit as
C1
C2
=
gm
G0
(2.12)
The resulting common gate Colpitts oscillator circuit is shown in Fig 2.3 (a).
Alternatively, if we choose X1 and X2 to be inductive, and X3 to be a capacitive, then
we have a Hartley oscillator. Let X1 = ω0L1, X2 = ω0L2, and X3 = −1/ω0C3. Then (2.8)
gives a necessary condition for oscillation of the Hartley circuit as
L2
L1
=
gm
G0
(2.13)
The resulting common-gate Hartley oscillator circuit is shown in Fig. 2.3 (b).
12
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Vdd
Vgg
C1
C2
L3
(a) Colpitts oscillator.
Vdd
Vgg
L1
L2
C3
(b) Hartley oscillator.
Fig. 2.3: Transistor oscillator circuits using common gate FET.
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2.3 Negative Resistance Oscillator
In this section, a theory of the negative resistance oscillator used in the 8th harmonic
oscillator, Gunn diode harmonic oscillator, and coupled push-push oscillator is described.
Figure 2.4 shows the canonical RF circuit for a one-port negative resistance oscillator,
where Zin = Rin + jXin is the input impedance of the active device (e.g., a biased
diode). In general, this impedance is current (or voltage) dependent, as well as frequency
dependent, which we can indicate by writing Zin(I, ω) = Rin(I, ω) + jXin(I, ω). The
device is terminated with a passive load impedance, ZL = RL+jXl. Applying Kirchhoff’s
voltage law gives
(ZL + Zin)I = 0 (2.14)
If oscillation is occurring, such that the RF current I is nonzero, then the following
conditions must be satisfied:
RL +Rin ≤ 0 (2.15)
XL +Xin = 0 (2.16)
Since the load is passive, RL > 0 and (2.15) indicates that Rin < 0. Thus, while a positive
XL
RL
Xin
Rin
ΓL
ZL
Γin
Zin
Negative
resistance
device
Fig. 2.4: Circuit for a one-port negative-resistance oscillator.
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resistance implies energy dissipation, a negative resistance implies an energy source. The
condition of (2.16) controls the frequency of oscillation. The condition in (2.14), that
ZL = −Zin for steady-state oscillation, implies that the reflection coefficients ΓL and Γin
are related as
ΓL =
ZL − Z0
ZL + Z0
=
−Zin − Z0
−Zin + Z0 =
Zin + Z0
Zin − Z0 =
1
Γin
. (2.17)
The process of oscillation depends on the nonlinear behavior of Zin, as follows. Ini-
tially, it is necessary for the overall circuit to be unstable at a certain frequency, that is,
Rin(I, jω) + RL < 0. Then any transient excitation or noise will cause an oscillation to
build up at the frequency, ω. As I increases, Rin(I, jω) must become less negative until the
current I0 is reached such thatRin(I0, jω0)+RL = 0, andXin(I0, jω0)+XL(jω0) = 0. Then
the oscillator is running in a steady-state. The final frequency, ω0 generally differs from the
start up frequency because Xin is current dependent, so that Xin(I, jω) 6= Xin(I0, jω0).
Thus we see that the conditions of (2.15) and (2.16) are not enough to guarantee
a steady-state of oscillation. In particular, stability requires that any perturbation in
current or frequency will be damped out, allowing the oscillator to return to its original
state. This condition can be quantified by considering the effect of a small change, δI,
in the current and a small change, δs in the complex frequency s = α + jω. If we let
ZT (I, s) = Zin(I, s) + ZL(s), then we can write a Taylor series for ZT (I, s) about the
operating point I0, ω0 as
ZT (I, s) = ZT (I0, s0) +
∂ZT
∂s
∣∣∣∣
s0,I0
δs+
∂Zt
∂I
∣∣∣∣
s0,I0
δI = 0, (2.18)
since ZT (I, s) must still equal zero if oscillation is occurring. In (2.18), s0 = jω0 is the
complex frequency at the original operating point. Now use the fact that ZT (I0, S0) = 0,
and that ∂ZT
∂s
= −j ∂ZT
∂ω
, to solve (2.18) for δs = δα+ jδω:
δs = δα+ jδω =
−∂ZT/∂I
∂ZT/∂s
∣∣∣∣
s0,I0
δI =
−j(∂ZT/∂I)(∂Z∗T/∂ω)
|∂ZT/∂ω|2 δI. (2.19)
Now if the transient caused by δI and δω is to decay, we must have δα < 0 when δI > 0.
Equation (2.19) then implies that
Im
{
∂ZT
∂I
∂Z∗T
∂ω
}
< 0, (2.20)
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or
∂Rt
∂I
∂XT
∂ω
− ∂XT
∂I
∂RT
ω
> 0. (2.21)
For a passive load, ∂RL/∂I = ∂XL/∂I = ∂RL/∂ω = 0, so (2.21) reduces to
∂Rin
∂I
∂
∂ω
(XL +Xin)− ∂Xin
∂I
∂Rin
∂ω
> 0. (2.22)
As discussed above, we usually have that ∂Rin/∂I > 0 [9]. So (2.22) can be satisfied
if ∂(XL + Xin)/∂ω ≫ 0, which implies that a high Q circuit will result in maximum
oscillator stability. Cavity and dielectric resonators are often used for this purpose.
Effective oscillator design requires the consideration of several other issues, such as
the selection of an operating point for stable operation and maximum power output,
frequency-pulling, large-signal effects, and noise characteristics. But we must leave these
topics to more advanced texts [10].
2.3.1 Transistor Oscillators
In a transistor oscillator, a negative-resistance one-port network is effectively created
by terminating a potentially unstable transistor with an impedance designed to drive the
device in an unstable region. The circuit model is shown in Fig. 2.5; the actual power
output port can be on either side of the transistor. In the case of an amplifier, we preferred
a device with high degree stability — ideally, an unconditionally stable device. For an
oscillator, we require a device with a high degree instability. Typically, common source or
common gate FET configurations are used (common emitter or common base for bipolar
devices), often with positive feedback to enhance the instability of the device. After the
transistor configuration is selected, the output stability circle can be drawn in the ΓT
plane, and ΓT selected to produce a large value of negative resistance at the input to
the transistor. Then the load impedance ΓL can be chosen to match Zin. Because such
a design uses the small signal S parameters, and because Rin will become less negative
as the oscillator power builds up, it is necessary to choose RL so that RL + Rin < 0.
Otherwise, oscillation will cease when the increasing power increases Rin to the point
where RL +Rin > 0. In practice, a value of
RL =
−Rin
3
(2.23)
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is typically used. The reactive part of ZL is chosen to resonance the circuit,
XL = −Xin. (2.24)
When oscillation occurs between the load network and the transistor, oscillation si-
multaneously occurs at the output port, which we can show as follows. For steady-stage
oscillation at the input port, we must have ΓLΓin = 1, as derived in (2.17). Then from
the definition of the S parameters, we have
1
ΓL
= Γin = S11 +
S12S21ΓT
1− S22ΓT =
S11 −∆ΓT
1− S22 −∆ΓT (2.25)
where ∆ = S11S22 − S12S21. Solving for ΓT gives
ΓT =
1− S11ΓL
S22 −∆ΓL . (2.26)
Then,
Γout = S22 +
S12S21ΓL
1− S11ΓL =
S22 −∆ΓL
1− S11ΓL , (2.27)
which shows that ΓTΓout = 1, and hence ZT = −Zout. Thus the condition for oscillation
of the terminating network is satisfied. Note that the appropriate S parameters to use in
the above development are generally the large-signal parameters of the transistor.
ΓL
ZL
Γin
Zin
Negative
resistance
device
Load
network
(tuning)
Transistor
[S]
Terminating
network
Γout
(Zout)
ΓT
(ZT)
Fig. 2.5: Circuit for a two-port transistor oscillator.
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2.4 Oscillator Phase Noise
The noise produced by an oscillator or other signal source is important in practice
because it may severely degrade the performance of a radar or communication receiver
system. Besides adding to the noise level of the receiver, a noisy local oscillator will lead
to down-conversion of undesired nearby signal, thus limiting the selectivity of the receiver
and how closely adjacent channels may be spaced. Phase noise refers to the short-term
random fluctuation in the frequency (or phase) of an oscillator signal. Phase noise also
introduces uncertainty during the detection of digitally modulated signals.
An ideal oscillator would have a frequency spectrum consisting of a single delta function
at its operating frequency, but a realistic oscillator will have a spectrum more like that
shown in Fig. 2.6. Spurious signals due to oscillator harmonics or intermodulation prod-
ucts appear as discrete spikes in the spectrum. Phase noise, due to random fluctuations
caused by thermal and other noise sources, appears as a broad continuous distribution
localized about the output signal. Phase noise is defined as the ratio of power in one
phase modulation sideband to the total signal power per unit bandwidth (one Hertz) at
a particular offset, fm, from the signal frequency, and is denoted as L(fm). It is usually
expressed in decibels relative to the carrier power per Hertz of bandwidth (dBc/Hz). A
typical oscillator phase noise specification for an FM cellular radio, for example, may be
-110 dBc/Hz at 25 kHz offset from the carrier. In the following sections I show how phase
noise may be represented, and present a widely used model for characterizing the phase
noise of an oscillator.
2.4.1 Representation of Phase Noise
In general, the output voltage of an oscillator or synthesizer can be written as
v0(t) = V0[1 + A(t)] cos[ω0t+ θ(t)], (2.28)
where A(t) and θ(t) represent the amplitude fluctuations and phase variation of the output
waveform, respectively. Of these, amplitude variations can usually be well-controlled,
and generally have less impact on system performance. Phase variations may be discrete
(due to spurious mixer products or harmonics), or random in nature (due to thermal
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Fig. 2.6: Output power spectrum of a typical RF oscillator.
or other random noise sources). Note (2.28) that an instantaneous phase variation is
indistinguishable from a variation in frequency.
Small changes in the oscillator frequency can be represented as a frequency modulation
of the carrier by letting
θ(t) =
∆f
fm
sinωmt = θp sinωmt, (2.29)
where ∆f is -3 dB band width, fm = ωm/2pi is the modulating frequency. The peak
phase deviation is θp = ∆f/fm (also called the modulation index). Substituting (2.29)
into (2.28) and expanding gives
v0(t) = V0 [cosω0t cos(θp sinωmt)− sinω0t sin(θp sinωmt)] (2.30)
where we set A(t) = 0 to ignore amplitude fluctuations. Assuming the phase deviations
are small, so that θp ≪ 1, the small argument expressions that sinx ∼= x and cosx ∼= 1
can be used to simplify (2.30) to
v0(t) = V0[cosω0t− θp sinωmt sinω0t]
= V0{cosω0t− θp
2
[cos(ω0 + ωm)t− cos(ω0 − ωm)t]} (2.31)
This expression shows that small phase or frequency deviations in the output of an os-
cillator result in modulation sidebands at ω0 ± ωm, located on either side of the carrier
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signal at ω0. When these deviations are due to random changes in temperature or device
noise, the output spectrum of the oscillator will take the form shown in Fig. 2.6.
According to the definition of phase noise as the ratio of noise power in a single sideband
to the carrier power, the waveform of (2.31) has a corresponding phase noise of
L(f) =
Pn
Pc
=
1
2
(
V0θp
2
)2
1
2
V 20
=
θ2p
4
=
θ2rms
2
, (2.32)
where θrms = θp/
√
2 is the rms value of the phase deviation, Pn is the noise power in
the single sideband, Pc is the input signal (carrier) power. The two-sided power spectral
density associated with phase noise includes power in both sidebands:
Sθ(fm) = 2L(fm) =
θ2p
2
= θ2rms. (2.33)
White noise generated by passive or active devices can be interpreted in terms of phase
noise by using the same definition. The noise power at the output of a noisy output
network is kT0BFG, where T0 is the absolute temperature, B is the measurement band-
width, F is the noise figure of the network, and G is the gain of the network. For a 1
Hertz bandwidth, the ratio of output noise power density to output signal power gives
the power spectral density as
Sθ(fm) =
kT0F
Pc
, (2.34)
Note that the gain of the network is canceled in this expression.
2.4.2 Leeson’s Model for Oscillator Phase Noise
Leeson’s model for characterizing the power spectral density of oscillator phase noise
[11], [12] is presented. The oscillator is modeled as an amplifier with a feedback path, as
shown in Fig. 2.7 . If the voltage gain of the amplifier is included in the feedback transfer
function H(ω), then the voltage transfer function for the oscillator circuit is
V0(ω) =
Vi(ω)
1−H(ω) . (2.35)
If we consider oscillators that use a high Q resonant circuit in the feedback loop (e.g.,
Colpitts, Hartley, Clapp, and similar oscillators), then H(ω) can be represented as the
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voltage transfer function of a parallel RLC resonator.
H(ω) =
1
1 + jQ
(
ω
ω0
− ω0
ω
) = 1
1 + 2jQ∆ω/ω0
, (2.36)
where ω0 is the resonant frequency of the oscillator, and ∆ω = ω − ω0 is the frequency
offset relative to the resonant frequency.
Vi(ω)
A=1
H(ω)
V0(ω)
Sθ(ω)
Noise-free 
amplifier
Sφ(ω)
Fig. 2.7: Feedback amplifier model for characterizing oscillator phase noise.
Since the input and output power spectral densities are related by the square of the
magnitude of the voltage transfer function [13], we can use (2.35)-(2.36) to write
Sφ =
∣∣∣∣∣ 11−H(ω)
∣∣∣∣∣
2
=
1 + 4Q2∆ω2/ω20
4Q2∆ω2/ω20
Sθ(ω)
=
(
1 +
ω20
4Q2∆ω20
)
Sθ(ω) =
(
1 +
ω2h
∆ω20
)
Sθ(ω) (2.37)
where Sθ(ω) is the input power spectral density, and Sφ(ω) is the output power spectral
density. In (2.37) we have also defined ωh = ω0/2Q as the half-power (3 dB) bandwidth
of the resonator.
The noise spectrum of typical transistor amplifier with an applied sinusoidal signal at
f0 is shown in Fig. 2.8. Besides kTB thermal noise, transistors generate additional noise
that varies as 1/f at frequencies below the frequency fα. This 1/f , or flicker, noise is
likely caused by random fluctuations of the carrier density in the active device. Due to
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Fig. 2.8: Noise power versus frequency for an amplifier with an applied input signal.
the non-linearity of the transistor, the 1/f noise will modulate the applied signal at f0
and appear as 1/f noise sidebands around f0. Since the 1/f noise component dominates
the phase noise power at frequencies close to carrier, it is important to include it in our
model. Thus we consider an input power spectral density as shown in Fig. 2.9, where
K/∆f represents the 1/f noise component around the carrier, and kT0F/P0 represents
thermal noise. Thus the power spectral density applied to the input of the oscillator can
be written as
Sθ(ω) =
kT0F
P0
(
1 +
Kωα
∆ω
)
, (2.38)
where K is a constant accounting for the strength of the 1/f noise, and ωα = 2pifα is
the cornerfrequency of the 1/f noise. The corner frequency depends primarily on the
type of transistor used in the oscillator. Silicon junction FETs, for example, typically
have corner frequencies ranging from 50 Hz to 100 Hz, while GaAs FETs have corner
frequencies ranging from 2 to 10 MHz. Bipolar transistors have corner frequencies that
range from 2 kHz to 50 kHz [8].
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f0
Sθ(ω)
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P0
Fig. 2.9: Idealized power spectral density of amplifier noise including 1/f and thermal
components.
Using (2.38) in (2.37) gives the power spectral density of the output phase noise as
Sφ(ω) =
kT0F
P0
(
Kω20ωα
4Q2∆ω3
+
ω20
4Q2∆ω2
+
Kωα
∆ω
+ 1
)
=
kT0F
P0
(
Kωαω
2
h
∆ω3
+
ω2h
∆ω2
+
Kωα
∆ω
+ 1
)
. (2.39)
This result is sketched in Fig. 2.10. There are two cases, depending on which of the
middle two terms of (2.39) is more significant. In either case, for frequencies close to the
carrier at f0, the noise power decreases as 1/f
3, or -18 dB/octave. If the resonator has
a relatively low Q, so that its 3 dB bandwidth fh > fα, then for frequencies between fα
and fh the noise power drops as 1/f
2, or -12 dB/octave. If the resonator has a relatively
high Q, so that fh < fα, then for frequencies between fh and fα the noise power drops as
1/f , or -6 dB/octave.
At higher frequencies the noise is predominantly thermal, constant with frequency, and
proportional to the noise figure of the amplifier. A noiseless amplifier with F = 1 (0
dB) would produce a minimum noise floor of kT0 = −174 dBm/Hz. In accordance with
Figure 2.6, the noise power is greatest frequencies closest to the carrier frequency, but
(2.39) shows that the 1/f3 component is proportional to 1/Q2, so that better phase noise
characteristics close to the carrier are achieved with a high-Q resonator. Finally, recall
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(a) Response for fh > fα (low Q).
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Fig. 2.10: Power spectral density of phase noise at the output of an oscillator.
from (2.33) that the single-sideband phase noise will be one-half of the power spectral
density of (2.39). These results give a reasonably good model for oscillator phase noise,
and quantitatively explain the roll-off of noise power with frequency offset from the carrier.
The effect of phase noise in a receiver is to degrade both the signal-to-noise ratio (or bit
error rate) and the selectivity [14]. Of these, the impact on selectivity is usually the most
severe. Phase noise degrades receiver selectivity by causing down conversion of signals
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located nearby the desired signal frequency. The process is shown in Fig. 2.11. A local
oscillator frequency f0 is used to down convert a desired signal to an IF frequency. Due
to phase noise, however, an adjacent undesired signal can be down converted to the same
IF frequency due to the phase noise spectrum of the local oscillator. The phase noise that
leads to this conversion is located at an offset from the carrier equal to the IF frequency
from the undesired signal. This process is called reciprocal mixing. From this diagram,
it is easy to see that the maximum allowable phase noise is order to achieve an adjacent
channel rejection (or selectivity) of S dB (S ≥ 0) is given by
L(fm) = C[dBm]− S[dB]− I[dBm]− 10 log(B), (2.40)
where the scale of L(fm) is (dBc/Hz) and C is the desired signal level (in dBm), I is the
undesired (interference) signal level (in dBm), and B is the bandwidth of the IF filter (in
Hz).
f
f0
IF
IF
IF
IF
0
Desired 
LO
Phase 
noise
Noisy LO
Desired 
signal
Unwanted
signal
Fig. 2.11: Illustrating how local oscillator phase noise can lead to the reception of unde-
sired signals adjacent to the desired signal.
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2.5 Push-push Oscillator
2.5.1 Principle
Basic principle and structure of a push-push oscillator is represented in section. The
push-push oscillator is generally used to generate a second harmonic signal. Push-push
oscillators have very attractive advantages such as much higher frequency generation and
low phase noise [7], [16]-[25]. The high-frequency output signal of the harmonic signal is
generated by active devices for low-frequency applications and a resonator. Consequently,
inexpensive millimeter-wave oscillators can easily be realized. Moreover, the phase noise
is also comparatively better than that of conventional oscillators, such as direct oscillator,
doubler, and multiplier schemes.
Common
resonator
Sub-circuit 1 (negative resistance)
V1: 0 deg. @ f0
Sub-circuit 2 (negative resistance)
V2: 180 deg. @ f0
Output
fout = 2nf0
Fig. 2.12: Circuit structure of push-push oscillator.
A structure of basic push-push oscillator is shown in Fig. 2.12. The oscillator consists
of two identical sub-circuits, a common resonator, and a power combining circuits. The
two sub-circuits oscillate at the fundamental frequency, with a phase difference of 180◦
through the common resonator. Equation (2.41) and (2.42) represent the output signals
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from the two sub-circuits.
Vosc1 = a1e
jω0t + a2e
j2ω0t + a3e
j3ω0t + · · · (2.41)
Vosc2 = a1e
jω0(t−∆t) + a2e
j2ω0(t−∆t) + a3e
j3ω0(t−∆t) + · · · (2.42)
The fundamental signals of the two signals are out-of-phase, which is expressed by (2.43)
ω0∆t = 2pif0∆t = pi. (2.43)
The combined output signal (Vout) can then be expressed by (2.44) as follows:
Vout = A2e
j2ω0t + A4e
j4ω0t + A6e
j6ω0t + A8e
j8ω0t + · · ·+ A2nej2nω0t (2.44)
The fundamental signal and odd harmonics (f0, 3f0, 5f0, 7f0, · · ·) are, canceled out and
the even harmonics (2f0, 4f0, 6f0, 8f0, · · ·) are combined in-phase and enhanced.
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3.1 8th Harmonic Push-push Oscillator in V -band
The advanced feature of the push-push principle which generates and enhances the
harmonic signal is very effective and promising method. Many technical papers of the
push-push oscillators have been published so far [15]-[25]. One of the advantages of the
push-push oscillator is higher Q-factor than that of direct oscillators and frequency doubler
schemes because the negative resistance circuits operate at half desired output frequency
[7]. The cost reduction of the oscillator is also achieved due to the basic principle of the
push-push oscillator using the low frequency devices. The basic concept of the SEHO
is effectively utilized. The concept has advantages of the simple circuit structure and
suitability for higher order harmonic generation. The resonator plays roles both the
common resonator and the power combiner.
For generating higher frequency signal, an N -push oscillator which generates the Nth
harmonic signal using N negative resistance circuits was introduced. Triple-push [29]-
[33] and quadruple-push [6], [34] oscillators which are higher order harmonic oscillators
using the N -push principle have been demonstrated. The N -push principle is suitable for
the higher order harmonic oscillator. However, when the N -push is adopted to the 8th
harmonic oscillator, the power consumption is four times larger than the 2nd harmonic
push-push oscillator.
As for the highest order harmonic push-push oscillator with minimum number of nega-
tive resistance circuit, a basic experimental result of the 8th harmonic push-push oscillator
was firstly presented by authors [36]. To solve the problem of the N -push oscillator, the
push-push harmonic resonant field is effectively utilized. This section gives a practical
design method in detail for the 8th harmonic push-push oscillator based on the half wave
length (λg/2) line resonator. The advantages of the proposed oscillator are the size re-
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duction and the low power consumption. The proposed push-push oscillator adopts the
SEHO concept effectively. The proposed oscillator consists of a microstrip ring resonator,
two same negative resistance circuits and an output circuit. As the output circuit is ar-
ranged inside the microstrip ring resonator, the circuit configuration is also simple. The
fundamental signal and the harmonics are generated by the negative resistance circuits.
The fundamental frequency is determined by the microstrip ring resonator as the com-
mon resonator. According to the push-push principle, the fundamental signal and odd
harmonic signals (f0, 3f0, 7f0, ..., (2n − 1)f0, ...) are suppressed in principle and the even
harmonic signals (2f0, 4f0, 8f0, ...,2nf0, ...) are enhanced. The desired 8th harmonic signal
is obtained at the output circuit utilizing the resonant modes of the ring resonator. The
undesired even harmonics are suppressed at the output port.
The proposed oscillator is designed and fabricated at the output frequency in V -band.
Two same negative resistance circuits and the microstrip ring resonator are designed at
the fundamental frequency in C-band. In the experiment, the basic operation to enhance
the 8th harmonic signal is demonstrated. The desired 8th harmonic signal is successfully
obtained as the maximum output signal. The design method of the basic push-push
oscillator and the detail development for the 8th harmonic signal oscillator based on the
SEHO is described.
Harmonic resonant field
Output (2nf0, n=1, 2, 3, 4,...) 
N.R. 1 N.R. 2
Vosc1 Vosc2
0@f0 pi@f0
Resonator
Output circuit
Fig. 3.1: Technical concept of the push-push oscillator based on the SEHO.
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3.1.1 The 8th Harmonic Signal Generation Using Push-push
Principle
Figure 3.1 shows the technical concept of the 8th harmonic push-push oscillator based
on the SEHO. Two same negative resistance circuits are connected to the common res-
onator. These negative resistance circuits are operating at the fundamental frequency (f0)
with the phase difference of 180 degrees. All the odd harmonic signals are short-circuited
at the output port due to the push-push oscillator principle. Mainly even harmonic res-
onant fields (2f0, 4f0, 6f0, ...2nf0, ...) are generated in the resonator because the negative
resistance circuits generate the push-push resonant field. The output circuit is mounted
on the common resonator to obtain the desired 8th harmonic signal.
Figure 3.2 shows the basic concept of the push-push oscillator using the half wave length
(λg/2) microstrip line resonator based on the SEHO. The resonant harmonic voltage is
shown in Fig. 3.2 (a). The output circuit should be connected to the maximum voltage
points of ‘1∼5’ for each harmonic as shown in Fig. 3.2 (b) so as to obtain the desired
harmonic signal. When the desired harmonic signal is the 2nd harmonic signal, the output
circuit should be connected to the point 3. When the desired harmonic signal is the 4th
harmonic signal, the output circuit should be connected to the point 2 and 4. When the
desired harmonic signal is the 8th harmonic signal, the output circuit should be connected
to the point 1, 2, 3, 4 and 5. The desired 8th harmonic signal is combined in-phase by the
output circuit suppressing the undesired even harmonic signals (2f0, 4f0) because these
harmonic signals are out-of-phase or null at the point 1∼5. The circuit configuration of
a push-push oscillator using one wave length (λg) ring resonator is shown in Fig. 3.3 as
well. The advantage of the ring resonator is good stability of the resonant field of the
resonator because of the symmetric circuit configuration.
The proposed oscillator which generates the 8th harmonic signal uses advantages of the
SEHO with the ring resonator. The layout of the resonator and the harmonic resonant
modes are shown in the Fig. 3.4. The negative resistance circuits are mounted at the
point 1 and 5 of the resonator. The phase difference between the point 1 and 5 is 180
degrees at the fundamental frequency (f0). By using the push-push resonant field, only
even harmonic resonant modes are enhanced in principle. The output circuit is arranged
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2f0 4f0 8f0
1 2 3 4 5
f0
(a) Resonant harmonic voltage on λg/2 line resonator.
2f0 
N.R.N.R.
1 2 3 4 5
λg/2 line resonator@f0
4f0 
N.R.N.R.
1 2 3 4 5
N.R.N.R.
1 2 3 4 5
8f0
(b) Output circuit configuration for selecting the harmonic signals on λg/2 resonator.
Fig. 3.2: Basic concept of the push-push oscillator using λg/2 microstrip line resonator
based on the SEHO.
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Fig. 3.3: The 2nd harmonic push-push oscillator using λg ring resonator.
inside the microstrip ring resonator. The output circuit is connected with the microstrip
ring resonator at the eight points (point 1 ∼ 8). At these coupling points, voltage of
the 8th harmonic signal is maximum. In the output circuit, the resonant 8th harmonic
signals are in-phase. Therefore, the desired 8th harmonic signal is selectively obtained
as the output signal. On the other hand, the undesired fundamental signal (f0) and the
odd harmonics (3f0, 5f0, 7f0) are suppressed due to the push-push principle and the other
even harmonics (2f0, 4f0, 6f0) are also suppressed at the output port in principle.
3.1.2 Circuit Design and Simulation
The practical circuit configuration of the proposed oscillator is shown in Fig. 3.5. Two
negative resistance circuits are connected to the microstrip ring resonator at the opposite
points to each other. The negative resistance circuits are designed so that the impedance
looking into the negative resistance circuit from the coupling point of the resonator shows
negative resistance. The microstrip ring resonator is also designed at the fundamental
frequency. The output circuit is formed inside area of the microstrip ring resonator. The
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(a) Layout of the proposed oscillator.
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(b) Resonant mode in the one wave-length (λg) ring resonator.
Fig. 3.4: Push-push resonant mode in the proposed oscillator.
output circuits is connected to the microstrip ring resonator with the interval of λg/8 at
the fundamental frequency, that is, one wave length at the 8th harmonic frequency. Figure
3.6 shows the detailed layout at the coupling points. The line width at the coupling points
is narrow to form the loose coupling between the resonator and the output circuit in order
to stabilize the resonant fields. Figure 3.7 shows the input impedance characteristic of the
two same negative resistance circuits simulated by the ADS. HEMTs (FHX35LG, Fujitsu)
are used in the negative resistance circuits. The impedance at the port 1 and port 2 in
Fig. 3.5 shows negative resistance at the fundamental frequency of 6.5 GHz. Gate and
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Fig. 3.5: Circuit configuration of the proposed oscillator.
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Fig. 3.6: Detailed layout at the coupling points.
drain ports are connected to the microstrip line with the characteristic impedance of 84
Ω. The microstrip line open stub is used at the drain bias circuit. The gate bias is 0 V
and the short stub is connected. The characteristic impedance of the source port is 84 Ω.
The open and short stub are connected at the source ports. Fig. 3.8 shows the simulated
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impedance of the microstrip ring resonator including the output circuit at the port 1 and
port 2 shown in Fig. 3.5. The impedance is simulated by the ADS momentum. The
port impedance of the input ports (port 1 and port 2) is terminated by 84 Ω as same as
the characteristic impedance of the gate port. The output port is terminated by a 50 Ω
impedance.
Fig. 3.7: Simulated input impedance characteristic of negative resistance circuit.
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Fig. 3.8: Simulated input impedance characteristic of the microstrip ring resonator and
the output circuit.
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3.1.3 Fabrication and Measurement
The proposed oscillator is fabricated and the characteristics are measured in V -band.
The negative resistance circuits and the microstrip ring resonator are designed at the
fundamental frequency (f0) in C-band. The circuit is formed on a Teflon Glass Fiber
substrate. Table 3.1 shows the substrate parameters. The photo of the circuit is shown
in Fig. 3.9. The circuit size is 30 mm × 80 mm. The microstrip ring resonator and the
output circuit are arranged in the center area of the circuit. A SMA connector (Gigalane
PSF-S00) is mounted at a center point of the output circuit on the reverse surface.
Fig. 3.9: The 8th harmonic push-push oscillator in V -band .
Table 3.1: Substrate parameters.
Substrate thickness 0.8 mm
Metal thickness 0.018 mm
Relative dielectric constant (εr) 2.15
Loss tangent(tan δ) 0.001
Measured output power spectrum around the 8th harmonic signal is shown in Fig. 3.10.
A spectrum analyzer (Agilent HP8565EC) and a harmonic mixer (Agilent 11970U) are
used in the measurement. The measured output power is -12.33 dBm at the frequency
of 51 GHz. The estimated output power is -6.33 dBm considering 6dB loss of the SMA
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Fig. 3.10: Measured output signal around the 8th harmonic signal (8f0) (6 dB SMA
connector loss in V -band is included).
connector around the 50 GHz. The operating drain bias voltage is 3.9 V. The bias current
is 100 mA. The phase noise is -93 dBc/Hz at the offset frequency of 1-MHz and -69 dBc/Hz
at the offset frequency of 100-kHz. Figure 3.11 shows the measured output power spectrum
of undesired harmonics (f0 ∼ 7f0). Measured undesired harmonic signals are from -12.17
dBm (at 2f0) to -47.67 dBm (at 7f0). Table 3.2 shows the output performance of the
8th harmonic signal. Table 3.3 shows the detail measured output power of undesired
harmonics shown in Fig. 3.11. The output power of even harmonics are higher than odd
Table 3.2: Measured output performance at 8f0
Frequency (8f0) 50.96 GHz
Output power (estimated) -6.33 dBm
Phase noise (1-MHz offset) -93.0 dBc/Hz
Phase noise (100-kHz offset) -69.5 dBc/Hz
harmonics because harmonic injection power is very small at the odd harmonics. The
37
3 8th Harmonic Oscillator
Fig. 3.11: Measured output power spectrum of undesired harmonics (f0 ∼ 7f0).
Table 3.3: Measured output power of undesired signals
Frequency Output power
(GHz) (dBm)
6.37 GHz (f0) -19.50
12.73 GHz (2f0) -12.17
19.10 GHz (3f0) -41.33
25.46 GHz (4f0) -17.33
31.82 GHz (5f0) -40.17
38.19 GHz (6f0) -26.83
44.56 GHz (7f0) -47.67
output power of the 2nd harmonic signal is -12.17 dBm. The suppression is relatively
good. The frequency and the output power stability of the circuit are shown in Fig. 3.12.
The variation rate of output frequency versus the drain voltage VDS from 1.0 V to 3.9 V
is 0.4 %. The output frequency is from 50.96 to 51.20 GHz. The measured output power
is more than -15 dBm for the drain voltage from 3.0 V to 3.9 V. The value of the output
power shown in Fig. 3.12 includes 6 dB SMAconnector loss in V -band. From these results,
the 8th harmonic frequency signal is successfully obtained. The suppression of the second
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harmonic signal and the improvement of the phase noise are the remained problems here
after. Comparing with the other V -band oscillators [16], [27], [28], the similar output
performance is obtained in spite of the high order harmonic oscillator. This oscillator
obtains relatively good output power and almost equal phase noise performances for two
HEMTs in X-band.
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Fig. 3.12: Measured oscillating frequency and output power as a function of drain bias
voltage.
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3.2 Octa-push Oscillator at V -band
In this section, an octa-push oscillator which generates the 8th harmonic signal in V -
band to improve the output performances such as the output power, the phase noise and
the suppression of undesired harmonics. The eight negative resistance circuits operate at
the same fundamental frequency in a one-wave length (λg) ring resonator at the funda-
mental frequency. At the output circuit, the desired 8th harmonic signal is enhanced due
to the in-phase power combining. The undesired fundamental and harmonic signals are
suppressed in principle.
The proposed oscillator is designed and fabricated in V -band. The negative resistance
circuits and microstrip ring resonator are designed at the fundamental frequency in C-
band. The basic operation of the octa-push oscillator which generates the 8th harmonic
signal for the output signal is experimentally confirmed in V -band. Relatively better char-
acteristics of the output power, the phase noise and suppression of undesired harmonics
are obtained as compared with another work [36].
3.2.1 Octa-push Principle
Fig. 3.13: Technical concept of the proposed octa-push oscillator.
A basic technical concept of the proposed octa-push oscillator is shown in Fig. 3.13.
Eight negative resistance (N.R.) circuits are embedded to enhance the desired harmonics
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in the resonator. The resonator plays a main role in the oscillator by working with the
output circuit to extract the desired harmonic signal. The features of this basic concept
are as follows.
1. N.R. are properly embedded to enhance the desired resonant fields.
2. An output circuit extracts the desired harmonic signal selectively.
(a) Push-push oscillator. (b) Quadruple-push oscillator.
(c) Octa-push oscillator.
Fig. 3.14: Basic circuit configurations of N -push oscillators.
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Figure 3.14 shows the circuit configurations of N-push oscillators based on the SSHO.
They are very effective for higher order harmonic signal generation [7], [35]. Figure 3.14
(a), (b) show the circuit configurations of the 2nd harmonic push-push oscillator and
the 4th harmonic quadruple-push oscillator presented in [24]. When the output signal
is Nth harmonic, the interval of negative resistance circuit is λg/N wave length at the
fundamental frequency (f0) with N negative resistance circuits.
Figure 3.14 (c) shows the circuit configuration of the proposed octa-push oscillator.
Eight negative resistance circuits are connected to a ring resonator. The octa-push oscil-
lator has the λg/8 wave length interval at the fundamental frequency. In this circuit, eight
identical negative resistance circuits which play role of negative resistance are reasonably
connected to the resonator. Each interval of connecting points where negative resistance
circuits are connected with the resonator is half wave length at the 4th harmonic fre-
quency. The push-push resonant mode is generated at the 4th harmonic frequency (4f0)
between the adjacent negative resistance circuits.
In Fig. 3.14 (c), an output circuit is located inside of the microstrip ring resonator. The
input RF-impedance matching for the 4th and 8th harmonic frequency is satisfied at the
coupling points between the output port circuit and the ring resonator. Therefore, the 4th
and the 8th harmonic signals are selectively injected to the resonator. The resonant modes
for the fundamental and the other harmonics are suppressed due to the RF-impedance
characteristic. Eight negative resistance circuits are connected to the point ‘1∼8’ to
generate the octa-push resonant mode. The resonant mode is shown in Fig. 3.15. The
signals of the adjoining negative resistance circuits have a phase difference of 180 degrees
at the 4th harmonic frequency (4f0). This means 45 degrees phase difference at the
fundamental frequency (f0). The output circuit is connected to the in-phase and the
maximum voltage points for the 8th harmonic signal as shown in Fig. 3.15. From the
coupling points of ‘1∼8’, the 8th harmonic signal is transferred in-phase to the output
port. In the resonator, these coupling points have the maximum voltage. Undesired
harmonic resonant fields are out-of-phase at the output port and suppressed in principle.
Then, the output signal (Vocta) can be expressed as follows,
Vocta = A8e
j8ω0t + A16e
j16ω0t + · · ·+ A8nej8nω0t. (3.1)
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Using the ring resonator and the output circuit, only the 8th harmonic signal and its
harmonics are combined in-phase. The equation (3.1) shows that the 8th harmonic signal
and its harmonics (16f0, 24f0 · · ·) can be obtained at the output port. On the other hand,
the 4th harmonic signal is suppressed at the output port.
Fig. 3.15: Octa-push resonant mode on a ring resonator.
3.2.2 Circuit Design and Simulation
The practical circuit configuration of the proposed octa-push oscillator is shown in Fig.
3.16. The oscillator is designed with three steps. First, negative resistance circuits are de-
signed at the fundamental frequency. The frequency is one eighth of the output frequency.
Second, a microstrip ring resonator is also designed at the fundamental frequency. Third,
the output circuit is designed at the 8th harmonic frequency (8f0). The output circuit
enhances the 8th harmonic signal suppressing undesired harmonics.
Figure 3.17 shows the circuit configuration of the negative resistance circuit. The active
device, HEMT (Fujitsu’s FHX35LG), is used in each negative resistance circuit. The
Agilent ADS is used to design the circuit and the microstrip ring resonator. The negative
resistance circuits are designed to show the negative resistance at the gate port (coupling
port with the resonator) at the fundamental frequency (f0). A microstrip open stub is
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Fig. 3.16: Circuit configuration of the octa-push oscillator.
connected to the drain port of the HEMT to provide the negative resistance at the gate.
The open stub is also connected to the source port because of intentional distortion of the
fundamental frequency signal. Gate bias voltage is 0 V. Figure 3.18 shows the impedance
characteristic (Zin) of the negative resistance circuit. The maximum drain voltage of the
HEMT is +4.0 V. The operating drain bias voltage is +3.9 V.
At the coupling point of the negative resistance circuit and the resonator, a chip ca-
pacitor ’C’ is mounted for the coupling capacitor. It is difficult to stabilize the resonance
mode at the 8th harmonic frequency, because the resonance mode harmonics are at a
much higher order in the resonator. Therefore, in order to stabilize the resonant mode,
the octagon shaped resonator is adopted and the gap capacitors are formed at the coupling
points between the output circuit and the resonator. The octagon shaped resonator forms
the discontinuity boundary condition in the resonator at the 4th and the 8th harmonic
frequency. The circle shaped ring resonator is also designed and fabricated in comparison
with the octagon resonator circuit. The ring resonator octa-push oscillator has resulted
in unsatisfactory performance mainly due to the instability of the 8th harmonic resonant
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Fig. 3.17: Circuit configuration of the negative resistance circuit.
modes.
Fig. 3.18: Impedance characteristic of the negative resistance circuit.
Figure 3.19 shows the circuit layout of the coupling point. There are gap capacitors at
the coupling points between the resonator and the output circuit. In section 3.1, the out-
put circuit is directly connected to the resonator. However, the phase noise performance
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Fig. 3.19: Circuit layout of the coupling point.
is not good due to the tight coupling to the resonator. The gap capacitor is designed
as follows. The distance between the resonator and the end of the output circuit is 0.1
[mm]. The width of the gap in the output circuit is 0.5 [mm]. The capacitance of the gap
capacitor is about 0.02[pF]. The characteristics of the microstrip ring resonator and the
output circuit are simulated. The characteristic impedance of the microstrip line of the
ring resonator is 116 Ω. The ADS Momentum is used in the simulation. In the simulation
setup, ports ‘1∼8’ are the signal input ports and port 9 is the output port. Figure 3.20
shows the magnetic field vectors in the microstrip ring resonator and the output circuit
at the 4th harmonic frequency. Input signals at ports ‘1∼8’ are fed with same amplitude.
The phase at ports 1, 3, 5, 7 are 0 degrees and the other ports 2, 4, 6, 8 are 180 degrees.
These input ports are set as an ”internal” port. From the Fig. 3.20, the 4th harmonic
signals at the output port are mutually out of phase and suppressed at the output port
(Port 9). Figure 3.21 shows the magnetic vector at the 8th harmonic frequency as well.
Input signals at ports ‘1∼8’ are fed to the resonator with same amplitude of 1 V and
in-phase. Input impedance of input ports (port 1 ∼ 8) are 116 Ω. It is also confirmed
that the 8th harmonic signals are combined in-phase at the output port. When both
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the 4th and the 8th harmonic frequencies are simulated, the resonant standing wave is
generated in the microstrip ring resonator. On the other hand, a traveling wave of the
8th harmonic signal is observed in the output circuit.
Fig. 3.20: Simulated magnetic vector distribution in the resonator and the output circuit
at 4f0 (simulated by Momentum).
3.2.3 Fabrication and Measurement
The proposed octa-push oscillator is designed in V -band and the oscillating signals are
measured. The circuit is fabricated on a Teflon glass fiber substrate. The fabricated
octa-push oscillator is shown in Fig. 3.22. A (SMA) connector (Gigalane, PSF-S00) is
mounted to the output port through a via-hole on the back surface of the substrate. The
circuit size is 80 mm ×80 mm. The output signals are measured using a spectrum analyzer
(Agilent, HP8565EC) with a harmonic mixer (Agilent, 11970U).
Figure 3.23 shows the output power spectrum of the desired eighth harmonic signal at
the frequency of 51.8 GHz. Figure 3.24 shows the output power spectrum of undesired
harmonics (f0 ∼ 7f0). The measured output power of -10.17 dBm is obtained at the
desired eighth harmonic frequency. The real output power can be estimated to be -4 dBm
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Fig. 3.21: Simulated magnetic vector distribution in the resonator and the output circuit
at 8f0 (simulated by Momentum).
because the SMA connector has the insertion loss of 6 dB at 50 GHz. The drain voltage
is 3.9 V and the current is 350 mA. Table 3.4 shows the output performance of the 8th
harmonic signal. In the proposed oscillator, the eighth harmonic signal is successfully
Table 3.4: Measured Output Performances.
Output frequency (8f0) 51.836 GHz
Output power (estimated) -4.17 dBm
Phase noise 1 MHz offset frequency -99.8 dBc/Hz
Phase noise 100 kHz offset frequency -78.8 dBc/Hz
obtained. Table 3.5 shows the measured output power of undesired signals from f0 to
7f0 ; their output power is less than -19 dBm. Suppression of the undesired signals are
from -15.33 dBc (at 4f0) to -45.00 dBc (at 7f0). The suppression of undesired signals is
mostly good. Figure 3.25 shows the output power spectrum to estimate the phase noise.
The phase noise of -100 dBc/Hz at1-MHz offset frequency, and -79 dBc/Hz at 100-kHz
offset frequency, are obtained. Figure 3.26 shows the variation of output frequency and
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Fig. 3.22: V -band octa-push oscillator.
Table 3.5: Measured Output Power of Undesired Harmonics.
Harmonics Output power (dBm)
f0 -19.83
2f0 -27.17
3f0 -28.67
4f0 -19.50
5f0 -24.50
6f0 -30.33
7f0 -49.17
output power versus the drain voltage Vds. The range of Vds is from 3.0 to 3.9 V. The
variation of output frequency versus the drain voltage Vds is about 0.7 % (from 51.84
to 52.24 GHz). From these experimental results, the basic operation of the octa-push
oscillator is successfully confirmed.
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Fig. 3.23: Output power spectrum of eighth harmonic signal (including 6dB SMA con-
nector loss, center frequency: 51 GHz, span: 40 MHz).
Fig. 3.24: Output power spectrum of undesired harmonics (50 GHz span).
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Fig. 3.25: Phase noise power spectrum of the output signal (span: 10MHz, RBW: 10 kHz,
VBW: 1 kHz).
Fig. 3.26: Frequency and output power variation versus drain voltage (Vds).
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3.3 Comparison with Other Oscillators
Table 3.6 shows the comparison with other oscillators. The proposed octa-push oscilla-
tor achieves comparatively good phase noise and output power in V -band in spite of using
a commercially available X-band devices and the simple structure. The output power is
1.6 times better and the phase noise is also much better than that of the 8th harmonic
push-push oscillator in section 3.1. However, the power efficiency from DC to RF signal
is worse because eight HEMTs are used in this work.
Table 3.6: Comparison of Other Millimeter Band oscillators.
Output P/N P/N Power
Device/ Freq. Power 1MHz offset 100 kHz offset efficiency
Ref. Technology (GHz) (dBm) (dBc/Hz) (dBc/Hz) (%)
SiGe HBT
[17] push-push 58.3 -8 -112 -86 -0.30
HEMT
[27] MMIC 55.9 +11.1 -103 -85 5.3
CMOS
[28] PLL, MMIC 63 -7 -80 -72 0.36
Gunn device
[37] AIN substrate 76.5 +13.3 -107 — 1.69
InGaP,GaAs
[38] HBT, MMIC 28.7 +5.1 -118 — 5.39
Section HEMT
3.1 push-push, MIC 51.0 -6.33 -93 -69 0.06
Section HEMT
3.2 octa-push, MIC 51.8 -4.17 -100 -79 0.03
3.4 Summary
In this chapter, the eighth harmonic signal for the output signal, was realized for the
first time. In section 3.1, a novel 8th harmonic push-push oscillator based on the simple
structure push-push oscillator is successfully realized. The millimeter-wave signal is selec-
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tively obtained from the push-push resonant field. As the push-push resonant field on the
microstrip ring resonator is effectively utilized, the output circuit enhances the desired
8th harmonic signal.
In section 3.2, the octa-push oscillator was presented. Utilizing the N -push principle,
the desired eighth harmonic signal can successfully be enhanced in V -band. The higher
order electromagnetic resonant field on a resonator is effectively used. As a result the
oscillator has the advantage of simple circuit configuration. A V -band millimeter-wave
signal is generated by inexpensive X-band HEMTs due to the advantage of the octa-push
principle. The output signal is selectively obtained because harmonic signals generated
by negative resistance circuits are selectively injected to the resonator. The desired eighth
harmonic signal is selectively transferred to the output port, as well. The discontinuous
layout of the octagon resonator and the gap capacitor are very important points in de-
sign used to obtain the eighth harmonic signal, steadily, while improving the low noise
performances.
The oscillating frequency control can be achieved by adjusting the resonant frequency of
the resonator. Using the low noise semiconductor devices such as HBTs are very effective
to achieve low noise performance. A three-dimensional monolithic microwave integrated
circuit (3D-MMIC) is an effective method for the circuit integration and much higher
signal generation. The principle of the proposed oscillator shows promise for generating
higher millimeter-wave and up to terahertz signals.
53
4 Gunn Diode Harmonic Oscillator
This chapter describes a Gunn diode harmonic oscillator utilizing the basic concept of
the harmonic oscillator. Gunn diode oscillators have been studied so far [39]-[49], because
they can achieve high output power and low phase noise performance with comparatively
low cost.
A harmonic oscillation is one of effective methods to generate the high frequency signals.
The advantage of the harmonic oscillator is capability to generate much higher frequency
signal using comparatively inexpensive devices for lower frequency applications. Moreover,
the Q-factor is relatively higher than those of direct oscillators because the active devices
used in the harmonic oscillators operate at a lower frequency than the desired output one.
In addition, the harmonic oscillator has a compact structure without additional circuits,
such as buffer amplifiers which are required in frequency multiplier oscillators. Therefore,
the harmonic oscillator is very effective to extend the oscillating frequency range with low
cost [7], [18], [25], [42]-[49].
Authors have published some Gunn diode second harmonic oscillators [45]-[49]. A highly
coherent field and a synchronous harmonic field [26] are applied in the oscillators. The
harmonic resonant fields are generated by the mutually synchronized Gunn diodes. The
desired harmonic resonant field is enhanced in the resonator due to the boundary condition
formed by the Gunn diodes. The oscillator can provide an enhanced harmonic signal
selectively due to the mutually synchronized resonant fields, suppressing the undesired
harmonics successfully. In the previous study [47], a circular-shaped slot line resonator is
used. However, the phase noise performance is unsatisfactory [47].
In the proposed oscillator, a square-shaped slot line resonator is arranged to solve the
problem of the phase noise. Moreover, multi-layer MIC technology [50] is effectively
adopted to the oscillator for the size reduction and the effective power combining. As
the bias voltage for the Gunn diodes is supplied via the inner conductor of the slot line
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resonator, only one bias circuit is required. And the bias circuit is isolated sufficiently
from RF signals because there are no RF signals at the bias point. Due to the advantage
of the multi-layer MIC technology and the simple method to supply the bias voltage,
the circuit structure is much more simple and the area is much smaller than that of the
conventional model [47].
The second harmonic oscillator is designed and fabricated in K-band. As for the exper-
imental results, high output power at the desired second harmonic frequency is obtained.
The measured phase noise and the suppression of undesired signals are also excellent.
The basic oscillating principle of mutually synchronized Gunn diode oscillator is ex-
plained in section 4.2. The design approach for the low noise Gunn diode harmonic
oscillator is described in section 4.3. The measurement results are explained in section
4.4.
4.1 Harmonic Oscillator using λg/2 Active Resonator
Harmonic oscillators have very attractive advantages for much higher frequency gener-
ation in millimeter wave and sub-millimeter wave bands. In the oscillators, comparatively
low frequency semiconductor devises can be used. Consequently, inexpensive millimeter
wave oscillators can be realized easily. And the harmonic oscillators achieve low phase
noise performance due to the mutually coupling among the several semiconductor devices.
Authors have proposed a concept of the harmonic oscillator using active resonator
[26]. The concept is shown in Fig. 4.1. The negative resistances (NRs) are reasonably
embedded in the resonators . The NRs make a boundary condition in the resonator
and it enhances the desired harmonics resonant field suppressing undesired resonant field.
Therefore, undesired odd harmonic signals can be selectively suppressed. Forming the
output circuit at the opportune points, the desired harmonic signal can be selectively
obtained. This concept is able to apply for higher harmonic oscillators. Some technical
papers based on this concept have been already published by authors [22]-[25], [45]-[49].
Figure 4.2 shows the basic oscillator using Gunn diodes [47] and a half wavelength
(λg/2) line resonator at nf0, where f0 is the fundamental frequency of the Gunn diodes
and the n is integer. The Gunn diodes are used for the NRs. The circuit is considered
55
4 Gunn Diode Harmonic Oscillator
nf0
2nf0
Electromagnetic resonant field
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resonator 
NR NR
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Negative resistances (NR) are reasonably embedded on  
resonator to enhance the desired harmonic selectively.
Output (nf0) 
Output circuit
Fig. 4.1: Concept of harmonic oscillator using negative resistance devices embedded in a
resonator.
to be an active resonator embedding Gunn diodes at the both end of the λg/2 line res-
onator. The both ends of the resonator have a short circuited boundary condition due
to the low RF impedance characteristics of the Gunn diodes. These two Gunn diodes
are mutually synchronized at nf0. Figure 4.3 shows the voltage distribution in the λg/2
line resonator. The active resonator is λg/2 resonator for the n-th harmonic signal (nf0)
and a λg resonator for the 2n-th harmonic signal (2nf0). Only n-th harmonic signal and
its even harmonic signals (2nf0) can exist in the resonator, suppressing the undesired
fundamental signal (f0) and all the odd harmonics due to the boundary condition at the
ends of the resonator. As the output circuit is connected at the center point “1” shown
in Fig. 4.2 and Fig. 4.3, only the nf0 harmonic signal is effectively obtained from this
point of the resonator. The 2n-th harmonic signal and higher even harmonic signals are
suppressed in principle because the point 1 is null point for all the 2n-th harmonic signals.
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Fig. 4.2: Basic oscillator using Gunn diodes and λg/2 resonator.
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Fig. 4.3: Resonant voltage distribution in a λg/2 resonator at nf0 and 2nf0.
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Fig. 4.4: A concept of N-coupled synchronized oscillator.
4.1.1 The n-th Harmonic Synchronized Oscillators
In this section, an n-th harmonic synchronized oscillator using a couple of the basic
oscillator shown in Fig. 4.2 is explained. The n-th harmonic synchronized oscillator is
composed of N basic oscillators. (note : n is the order number of harmonics. N is the
number of basic oscillators.) As the oscillator is a multi-element oscillator, higher out-
put power can be obtained. Figure 4.4 shows a concept of the N -coupled synchronized
oscillator. Adjacent basic oscillators are mutually synchronized. The oscillators operate
at the n-th harmonic frequency (nf0). Figure 4.5 shows a practical 2nd harmonic syn-
chronized oscillator [47]. Four basic oscillators are connected. The voltage distribution
in the oscillator is shown in Fig. 4.6. Gunn diodes are loaded at the points A, B, C,
D. The output circuit is connected at the points 1, 2, 3, 4 so as to obtain the n-th har-
monic signal (nf0) selectively. The n-th harmonic signals are combined in-phase at the
output circuit. Therefore, the n-th harmonic signal can be obtained effectively from the
oscillator. Consequently, the oscillator can generate high power signal with the simple
structure.
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Fig. 4.5: The harmonic synchronized oscillator using four basic oscillators.
4.1.2 Approach to Low Noise Oscillator
The mutually synchronized Gunn diode harmonic oscillators shown in Fig. 4.5 has
been reported by authors [47]. Gunn diode generates a fundamental signal basically, and
its harmonics are secondarily generated. The proposed oscillator is a harmonic oscillator
which enhances the desired 2nd harmonic signal. Main resonance is the second harmonic
frequency resonant mode. Figure 4.7 shows the phase noise performance of the previous
model. Some spurs are observed around the desired harmonic signal. The cause of
the noise is low stability of the resonant field in the circular-shaped slot line resonator.
Figure 4.8 shows the circuit configuration of the proposed oscillator. The oscillator adopts
a square-shaped slot line resonator in place of the circular-shaped slot line resonator
to suppress the noise [25]. The shape of the slot line resonator is square to form the
discontinuity boundary condition in the resonator. The corner of the resonator is the
maximum voltage point for the desired second harmonic signal as shown in Fig. 4.6. The
discontinuity boundary condition makes the desired second harmonic resonant field stable.
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Fig. 4.6: Resonant voltage on the 2nd harmonic mutually synchronized oscillator (N = 4).
The stability of coupling between the resonator and the strip line of the output circuit
is also improved. As the result, the output power and the noise performance such as the
phase noise and the suppression of the undesired harmonics can be improved as follows.
Figure 4.9 shows the simulated magnetic field distribution of the resonator. Figure 4.9
(a) is a simulated result of the previous circular resonator. Figure 4.9 (b) is a simulated
result of the proposed square-shaped resonator. The simulation model is designed at the
19 GHz that is the second harmonic frequency. Four ports are set at the points where
the Gunn diodes are mounted. The signals are excited at the four ports with the same
amplitude and in-phase. Input impedance of four ports are 10 Ω and the amplitude of
input signal voltage is 1 V. By using the square-shaped resonator, stabilized resonance
is achieved as shown in Fig. 4.9. The resonant magnetic fields distribute concentrically
around the slot line resonator.
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Fig. 4.7: Phase noise performance of the previous model [47].
4.2 Circuit Design
4.2.1 Practical Circuit Configuration
The practical circuit configuration of the proposed Gunn diode oscillator is shown in
Fig. 4.8. In the design process, four basic oscillators are combined. A multi layer MIC
technology is adopted in the oscillator. The substrate consists of two dielectric layers and
three conductor layers. The conductor layers are numbered from 1 to 3 as shown in Fig.
4.8 (a).
In the layer 1, a square-shaped slot line is formed. Four Gunn diodes are mounted at
the center point of each side of the slot line resonator as shown in Fig. 4.8 (b). Four
basic oscillators composed of the two adjacent Gunn diodes and the slot line between the
Gunn diodes are arranged in the layer 1. A bias circuit for the Gunn diodes is also formed
in the layer 1. The DC bias is supplied to the Gunn diodes through the wire. The wire
connects the inner conductor of the slot line resonators and the DC bias port. The bias
point is the center of the inner conductor. As the RF signal in the slot line is distributes
along the slot line, no RF signal exists around the bias point as shown in Fig. 4.9. As the
DC bias is supplied to all the Gunn diodes via the inner conductor of the resonator, the
number of wire for the DC bias is only one. Therefore, the structure of the bias circuit is
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Fig. 4.8: Circuit configuration of the 2nd harmonic synchronized oscillator using Gunn
diodes and rectangular-shaped resonator.
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(a) Previous model (Circular-shaped resonator)
(b) Proposed model (Square-shaped resonator)
Fig. 4.9: Simulated magnetic field distribution by ADS Momentum.
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very simple.
An output circuit using strip lines is formed in the layer 2 as shown in Fig. 4.8(c).
The λg/4 strip line open stubs are arranged at the coupling points. Figure 4.10 shows
the comparison of the output circuit in the proposed oscillator and the output circuit in
the previous one [47]. The output circuit is much more simple than that of the previous
model due to the multi-layer MIC technology. In the previous oscillator, the output port
is not able to be located at the center of the circuit because the resonator and the DC
bias circuit are formed in the same layer. Three combining points (C.P.) for the second
harmonic signal are required in the previous circuit. Moreover, the output circuit is
complicated and large. Thus, larger circuit area is required in the previous design. On
the other hand, the proposed circuit has very simple circuit configuration because the
output port of the oscillator is arranged at the center of the circuit in the layer 2. The
output circuit consists of only four straight strip lines. The output port is connected to
the layer 3 through a via hole. As the result, the circuit area is reduced by three-tenths
than that of the previous one. The coupling and the interference between the microstrip
lines are also suppressed due to the multi-layer circuit configuration.
4.3 Fabrication and Measurement
The second harmonic synchronized oscillator is designed and fabricated in K-band
and the oscillating signal is measured. Gunn diodes, MG49618-11 (Microwave Device
Technology), are used for the prototype oscillator. Table 4.1 shows the specifications of
the Gunn diode. The fundamental operating frequency (f0) of the Gunn diode is 10.5
GHz. An output power at the operating frequency is 5 mW (+7 dBm). Table 3.1 shows
parameters of a dielectric substrate used in the fabricated oscillator.
Figure 4.11 is the photo of the fabricated oscillator. In the layer 1, the length of
each slot line resonator of the basic oscillator is 6.35 mm (λg/2) at 18.75 GHz. The
impedance of Gunn diode is −7.3 − j5.6 Ω at 10 GHz with the operation bias of 9.0 V.
This Gunn diode impedance gives a short boundary condition to the slot line resonator.
The characteristic impedance of the slot lines is 92 Ω where the width of the slot line is
0.10 mm. The characteristic impedance of the strip line in the layer 2 is 100 Ω. A coaxial
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Fig. 4.10: Comparison of the output circuit.
connector (Gigalane PSF-S00) is mounted on the layer 3. The output power spectrum of
the fabricated oscillator are measured by the spectrum analyzer (Agilent 8565EC). The
output power of desired second harmonic signal is measured by the power meter (Agilent
53152A). Figure 4.12 shows the output power spectrum in full range of 50 GHz. Figure
4.13 shows the output power spectrum around the 2nd harmonic signal. The frequency
span to estimate the phase noise is 10 MHz. There are no spurs around the 2nd harmonic
signal. The observed spurs in the previous model shown in Fig. 4.7 are removed. In the
measurement, the bias voltage and the bias current for the four Gunn diodes are 9.0 V
and 250 mA, respectively.
Table 4.2 shows the measured output performance at the second harmonic frequency
(2f0). The high output power of +8.89 dBm at the design frequency of 18.75 GHz is
measured. The high output power of the output signal is achieved by good in-phase power
combining. Table 4.3 shows the suppression of the undesired signals. The suppression of
the fundamental signal (f0), third harmonic signal (3f0) and the fourth harmonic signal
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Fig. 4.11: Fabricated oscillator.
(4f0) are -33.3 dBc, -40.7 dBc and -46.5 dBc, respectively. These undesired harmonic
signals are all better than -30 dBc. These results show very excellent suppression. The
phase noise is -116.2 dBc/Hz at 1MHz offset frequency and -94.5 dBc/Hz at 100 kHz
offset frequency.
Table 4.4 is the comparison of performance of oscillators which operate in Ku, K, and
Ka-bands. This work achieves high suppression of fundamental signal (f0). The phase
noise is better than that of our previous study [47]. The suppression of undesired funda-
mental signal slightly deteriorate compared to the previous work. But, the suppression of
-33.3 dBc at the fundamental frequency is effectively excellent. The proposed oscillator
achieves comparatively good phase noise performance. Therefore, the oscillator has much
better practical performance in the microwave band oscillators.
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Fig. 4.12: Measured output spectrum.
Table 4.1: Specifications of Gunn Diode.
Oscillating frequency 10.5 GHz
Operating bias voltage 8.0 V
Operating bias current(max.) 80 mA
Output power 5 mW
4.4 Summary
In this chapter, a low noise approach of the second harmonic synchronized oscillator
using Gunn diodes is proposed. Using a square-shaped slot line resonator, the low phase
noise and excellent suppression of undesired harmonics are achieved. As no spurs around
the second harmonic signal is observed, the problem of the previous study is successfully
solved. The oscillator achieves very simple circuit configuration due to the multi-layer
MIC technology. The circuit area is reduced by three tenths compared with the previous
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Fig. 4.13: Output power spectrum to estimate the phase noise. (RBW:10kHz, VBW:1kHz,
SPAN:10MHz, 10dB/DIV)
Table 4.2: Measured Output Performance at 2f0.
2f0
Output
power
Phase noise
1-MHz offset
Phase noise
100-kHz offset
18.75 GHz +8.89 dBm -116.2 dBc/Hz -94.5 dBc/Hz
work. As the DC bias voltage is supplied to the Gunn diodes via only one wire, the
structure of the bias circuit is very simple and compact. The design concept of this
circuit is promising for generating much higher frequency signal up to millimeter-wave
bands.
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Table 4.3: Suppression of Undesired Signals.
Harmonics Frequency Suppression
f0 9.34 GHz -33.3 dBc
3f0 28.12 GHz -40.7 dBc
4f0 37.50 GHz -46.5 dBc
Table 4.4: Comparison of oscillator performance.
Freq. Output Suppression Phase noise
Ref. [GHz] power of f0 1-MHz offset
[dBm] [dBc] [dBc/Hz]
[45] 19.8 +3.67 -16.0 -115.2
[46] 19.2 +3.16 -26.9 -108.5
Previous
work [47]
19.0 +5.75 -39.9 -111.7
[24] 21.3 +4.17 -31.2 -99.7
[25] 16.0 +10.0 -37.5 -121.3
[51] 30.3 -1.49 — -113.2
This work 18.75 +8.89 -33.3 -116.2
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Branch Line Hybrid Phase Shifter
This chapter presents a practical application of the push-push oscillator to a Voltage Con-
trolled Oscillator (VCO). A positive feedback push-push oscillator is adopted to achieve
the VCO. The oscillating frequency of the positive feedback push-push oscillator is deter-
mined by the electrical length of the feedback loop. Therefore, the oscillating frequency
is easily varied by changing the electrical length using varactor diodes. Moreover, the
positive feedback push-push oscillator is suited for the VCO because the Q factor is lower
than that of the reflection type push-push oscillator described in chapter 2.
In the previous work, we have been published a push-push VCO using a Ronde type
hybrid circuit phase shifter. However, the frequency variation and phase noise perfor-
mance are not enough [52]. To obtain larger frequency variation and lower phase noise
performance, a push-push VCO using a branch line phase shifter is proposed to reduce
the loss in the feedback loop.
5.1 Push-push Oscillator Using Double-sided MIC
Technology
Figure 5.1 shows a basic structure of the feedback type push-push oscillator using
double sided MIC technology [26], [52]. In this oscillator, RF amplifiers and microstrip
lines are formed on the obverse side of the substrate, and a slot line is formed on the
reverse side. Two positive feedback loops are formed in symmetry where the slot line
is an axis of the symmetry. The slot line is a common feedback loop. The oscillating
frequency is determined by the electrical length of the slot line, the microstrip line, and
the amplifier. When the electrical length is 2pi×nλg (n is integer), each oscillator generates
the fundamental signal (f0 = c/λg, c is a light velocity).
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Fig. 5.1: A basic structure of feedback type push-push oscillator using double-sided MIC
The signal in the feedback loop transfers to the common slot line, then it is divided
at the slot-microstrip T-divider shown in a circle α. At the slot-microstrip divider, the
signal is divided with 180 degrees phase difference because the transmission mode of the
slot line is an odd mode. 180 degrees phase difference is realized between the loop 1 and
2. Due to the non-linearity of the RF amplifiers, the harmonics are inevitably generated.
The signal in the loop 1 and 2 are expressed as follows.
VLoop1 = A1e
jωt + A2e
2jωt + A3e
3jωt + · · ·+ Anenjωt + · · · (5.1)
VLoop2 = A1e
j(ωt+pi) +A2e
2j(ωt+pi) + A3e
3j(ωt+pi) + · · ·+ Anenj(ωt+pi) + · · · (5.2)
From (5.1) and (5.2), the phase of the fundamental signal and odd harmonics are anti-
phase each other, and that of the even harmonics are in-phase.
At the point β shown in Fig. 5.1 is a microstrip-slot T-shaped combiner which plays a
role of a harmonic filter. Even harmonics of loop 1 and 2 are combined and transferred
to the output port. On the other hand, fundamental signal and odd harmonics are
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transferred to the slot line due to the transmission mode of the slot line.
5.2 Push-push VCO using the Branch Line Hybrid
Phase Shifter.
As written in section 5.1, the oscillating frequency of the positive feedback push-push
oscillator is determined by the electrical length of the feedback loops. In this study, a
variable phase shifter is embedded in the microstrip line of each feedback loop to achieve
the VCO.
5.2.1 Circuit Structure
Output (2f0)
RF amp.
Varactor diode DC bias for varactor diode
Capacitor
Drain bias
for RF amp. 
Phase shifterPhase shifter
Fig. 5.2: Circuit structure of push-push VCO using branch line hybrid phase shifter.
Figure 5.2 shows the circuit configuration of the proposed push-push VCO. The oscilla-
tor contains two branch line hybrid phase shifters [8] in the positive feedback loops. The
phase shift of the positive feedback loop is controlled by the phase shifter. The phase
shifter consists of two varactor diodes which act as variable capacitors. The tuning volt-
age (Vc) for the varactor diodes are supplied from the DC bias circuit in Fig. 5.2. As this
bias circuit and the transmission mode of the feedback loops are orthogonal, the feedback
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loops are not affected by the bias circuit in RF band. Therefore, the circuit configuration
of the oscillator is very simple. A chip capacitor is mounted on the microstrip line between
the RF amplifier and the phase shifter to separate the DC bias voltage.
5.2.2 Branch Line Hybrid Phase Shifter
This section describes the branch line hybrid phase shifter. Figure 5.3 shows a pattern
layout of the branch line hybrid circuit. The input impedance of four ports is same
impedance of Z0 and the characteristic impedance of each microstrip line is shown in Fig.
5.3. When the signal is input from the port 1, the signal is divided to the port 2 and 4
with 90 degrees phase difference and same amplitude. Port 3 is an isolation port.
Port 1
(input)
Port 2
(output)
Port 3
(isolation)
Port 4
(output)
Z0/
Z0
2
Z0
λg/4
λg/4
Z0/ 2
Z0 Z0
Z0Z0
Fig. 5.3: Branch line hybrid circuit.
A circuit configuration of the branch line phase shifter is shown in Fig. 5.4 (a). Because
a Ronde type hybrid circuit which was adopted in the previous work with a slot line on
the reverse side, the radiation from the slot line caused problem when a low dielectric
constant substrate was used. To solve the problem, the branch line hybrid phase shifter is
employed. In the branch line hybrid phase shifter, the variable capacitance of the varactor
diode is connected at the output ports (port 2 and 4) of the branch line hybrid circuit.
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Port 1 Port 2
Via hole
Varactor diode
Port 3 Port 4
(a) Circuit configuration.
(b) Fabricated phase shifter.
Fig. 5.4: Branch line hybrid phase shifter.
The signal from port 1 is reflected at the port 2 and 4. The reflected signals are transferred
and combined at the port 1 and 3. At the port 1, these reflected signals are combined
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with 180 degrees phase difference and canceled out. At the port 3, these reflected signals
are combined in-phase. Changing tuning voltage of the varactor diode, the capacitance
of the port 2 and 4 are varied. As the phase of the reflection wave is controlled, the phase
of the output signal at the port 3 can be varied.
Fabricated branch line hybrid phase shifter is shown in Fig. 5.4 (b). The desired
frequency of the phase shifter is 8.5 GHz, that is the same frequency with the fundamental
frequency of the oscillator. The fabricated circuit uses the Teflon fiber glass substrate as
shown in Table 3.1 The characteristic impedance of the microstrip line (Z0) is 84 Ω.
Varactor diodes, MA46H200-1088 (M/A-COM) are used. Figure 5.5 shows the measured
scattering parameters of the fabricated branch line hybrid phase shifter shown in Fig. 5.4
(b). The tuning voltage of the varactor diode is 9 V. The insertion loss and the return loss
at the center frequency of 8.5 GHz are –1.3 dB and –24.9 dB, respectively. As this circuit
does not suffer from the radiation loss of the slot line, the insertion loss of the phase shifter
is better than that of the previous work (insertion loss was -2 dB). Figure 5.6 shows the
measured phase shift of the branch line hybrid phase shifter when the tuning voltage is
varied from 0 to 22 V. The phase shift of 77.8 degrees is obtained with the good linearity
from 3 to 18 V.
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Fig. 5.6: Phase shift of the phase shifter.
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5.3 Push-push VCO
5.3.1 Design
The phase shifter described in section 5.2 is embedded in each feedback loop of the
push-push oscillator. The basic operation of the push-push VCO is measured. The
fabricated prototype is also uses the Teflon fiber glass substrate shown in Table 3.1. The
microstrip line is formed on the obverse side and the slot line is formed on the reverse
side. The characteristic impedance of the feedback loop is by 84 Ω, and that of the slot
line is 170 Ω. The characteristic impedance at the output port of the oscillator is 100 Ω.
To meet the impedance of the SMA coaxial connector, λg/4 wave length at the second
harmonic frequency (2f0) impedance conversion circuit is formed at the output port. The
semiconductor device in the RF amplifier is a HEMT (Fujitsu’s, FHX35LG). Figure 5.7
shows the detailed layout of the RF amplifier shown in Fig. 5.2. The gate is connected
to the phase shifter. The drain is connected to the microstrip-slot T-shaped combiner.
The source is connected to the ground layer through a via hole. The gate is connected
to the λg/4 short stub to be 0 V gate bias. To correspond the frequency control and
to achieve wide band amplifier, a matching stub is formed at the gate of the HEMT as
shown in Fig. 5.7. The electrical length of the feedback loop is four wave length (4λg) at
the fundamental frequency (f0).
To optimize the performance of the oscillator, the VCO is designed by the circuit simu-
lator (Agilent’s, ADS). The simulated result is shown in Fig. 5.8 when the capacitance of
the varactor diode is 0.5 pF. The predicted output power of the desired second harmonic
signal is +10.46 dBm at 17.10 GHz. Those of the fundamental signal, third harmonic
signal, and fourth harmonic signal are –76.82 dBm, –73.27 dBm, and –18.59 dBm, respec-
tively. As shown in Fig. 5.8, basic operation of the push-push oscillator is confirmed.
5.3.2 Fabrication and Measurement
Push-push VCO is fabricated based on the simulation. Figure 5.9 shows the fabricated
push-push VCO. The circuit size is 50 mm × 50 mm. The performances of the output
power, the phase noise, the oscillating frequency are measured. A spectrum analyzer
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Fig. 5.7: Circuit layout of RF amplifier circuit.
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Fig. 5.8: Simulated result of the output power spectrum
(Agilent, 8565EC) is used to measure the output power spectrum and the phase noise.
A power meter (Agilent, 53152A) is used to measure the output power of the second
harmonic signal. In the measurement, 10 dB attenuator is used at the output port of the
oscillator to keep the accuracy of the spectrum analyzer.
Table 5.1 shows the output performances when the tuning voltage is 0 V. The output
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(a) Obverse side. (b) Reverse side.
Fig. 5.9: Fabricated push-push VCO.
Table 5.1: Performance of push-push VCO (Tuning voltage = 0 V).
Output Suppression Phase noise Phase noise
Freq. power 1-MHz offset 100-kHz offset
(GHz) (dBm) (dBc) (dBc/Hz) (dBc/Hz)
f0 8.70 –13.33 –22.66 — —
2f0 17.41 +6.84 — –108.7 –87.33
3f0 26.12 –21.67 –31.00 — —
4f0 34.82 –11.50 –20.83 — —
power spectrum of the proposed push-push VCO is shown in Fig. 5.10. The gate bias
voltage is 0.0 V. The drain bias voltage is 3.9 V and the current is 110 mA. The efficiency
of the oscillator is 2.3%. Figure 5.11 shows the variation of the output frequency and the
output power versus the tuning voltage when the tuning voltage is varied from 0 to 22
V. The frequency variation of the proposed VCO is 1,079 MHz (6.2%) in Ku-band. The
output power variation is +6.66 ∼ +9.97 dBm. Good linearity of the frequency variation
versus the tuning voltage is obtained and the output power variation achieves less than
3 dB. Adopting the branch line hybrid phase shifter in the feedback loop, the phase shift
of the phase shifter is directly related with the frequency variation. The linearity of the
frequency variation is realized by the performance of the phase shifter. This characteristic
is confirmed by the agreement of the linear variation area of the phase shift shown in Fig.
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(a) Output power spectrum in full range of 50 GHz.
(b) Output power spectrum around 2f0 to estimate the phase
noise .
Fig. 5.10: Output power spectrum.
5.6 and the frequency variation shown in Fig. 5.11. Figure 5.12 shows the phase noise
variation versus the tuning voltage. The phase noise variation at the offset frequency
of 1-MHz is –105.8 ∼ –109.7 dBc/Hz, and 100-kHz offset frequency is –82.84 ∼ –82.33
dBc/Hz. Low phase noise performance is obtained as compered to the positive feedback
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Fig. 5.11: Oscillation frequency and output power versus tuning voltage.
oscillator using same device [21], [52]. Suppression of undesired harmonics achieves better
than –20 dBc. As compared with the previous work [52], phase noise performance is 10
dB better.
Table 5.2 shows the comparison of the previous work using the Ronde type hybrid phase
shifter and this work. The semiconductor device of the oscillator and the varactor diode
are same. Due to the low insertion loss of the phase shifter, the output power, the band
width, the suppression of the harmonics, and the phase noise are improved.
A linearity of the frequency variation is estimated by using a least squares method. An
error rate between the regression line and the result is less than 0.02 %. Especially, the
error rate is less than 0.01 % when the tuning voltage is 3 ∼ 18 V. As the result, the wide
band and low noise push-push VCO is achieved with simple structure. The linearity of
the frequency variation is suitable for the practical applications.
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Table 5.2: Comparison with previous work [52]
Output Tuning Suppression Phase noise Phase noise
Freq. power range 1-MHz offset 100-kHz offset
(GHz) (dBm) (MHz) (dBc) (dBc/Hz) (dBc/Hz)
Previous
work [52]
15
–0.14 ∼
+0.17
390 (2.6% ) –9.66 –100.2 –77.2
This work 17
+6.66 ∼
+9.97
1079 (6.2%) –22.66 –109.7 –87.3
5.4 Summary
In this chapter, a push-push VCO using branch line hybrid phase shifter is presented.
The proposed VCO achieves very good performances such as high output power and
wide band, and low noise. Adopting the double-sided MIC technology, high frequency
signal generation using feedback oscillator is achieved with simple structure. This circuit
structure is suited for MMIC and 3D-MMIC process.
The proposed VCO achieves wide frequency variation and very good linearity of the
frequency variation and the low output power variation. The phase noise performance is
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also comparatively good and it is constant with the tuning voltage. This VCO is expected
to be adopted for the radar or sensor systems using FM-CW method and various kind of
wireless systems.
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Array
6.1 A Coupled Push-push Oscillators Array Using
Unsymmetrical Resonator
Chapter 6 describes a coupled oscillator array using push-push oscillators. Section 6.1
describes the oscillator array using an unsymmetrical structure coupling circuits. Section
6.2 describes the oscillator array using a coupling circuit which including a buffer amplifier
and a phase shifter. A back ground of this work is to develop simple phased array system
for collision avoidance vehicle radar.
An electrically scanned phased array application is a very effective method for car radar
systems. The phased array is widely used for military and civil applications these days.
An automotive cruise control and a collision avoidance radar is very promising applications
in future. However, the phased array system has been recognized to be a very expensive
application. The phased array system consists of an external master oscillator, a power
divider, phase shifters, amplifiers, and antennas. Especially, the phase shifters and the
amplifiers are required as many as antennas, therefore the system is large and complicated.
Coupled oscillator arrays have been studied for power combining methods such as quasi-
optical power combining and spatial power combining [53]-[60]. The purpose of these
power combining applications was to obtain high power signals in the millimeter-wave
band, using IMPATT diodes, Gunn diodes or FETs [55]. Recently, the application of the
coupled oscillator has been developed for phase-shifter-less beam-scanning [61]-[70]. The
coupled oscillator array technique is an effective way to simplify the phased array system
because the external master oscillator, power dividers and the amplifiers are not required.
The coupled oscillator array is composed of unit oscillators and coupling networks which
connect unit oscillators [71]-[73].
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A novel second harmonic push-push oscillator array for the phased array applications
is proposed. A push-push oscillator is employed for the unit oscillator, which is known
as a harmonic oscillator [7]-[25]. The push-push oscillator consists of two sub-circuits
and a common resonator. The push-push oscillator has many advantages. The stability
of the output signal is very high, multi-output ports can be easily inserted, and a much
higher frequency signal is generated using inexpensive semiconductor devices for lower
frequency applications [21]- [22], [73]. These advantages are very useful for the coupled
oscillator array. Moreover, the proposed coupled oscillator array has an advantage of
double large phase shift of the output signal at the second harmonic signal (2f0) in
principle as compared with the phase shift of a coupling circuit of the fundamental signal
(f0).
Adjoining push-push oscillators are synchronized and the phase difference of the output
signals is controlled by the coupling circuit in the fundamental frequency. To synchronize
the frequency of the adjoining oscillators, the coupling circuit is designed. The phase
of adjoining unit oscillators is also controlled by the coupling circuit. Unsymmetrical
reflection-signals of the coupling circuit are utilized for the phase control. The reflection-
signals are controlled by the capacitance of the varactor diode mounted on the coupling
circuit.
This chapter presents the basic behavior of the three oscillator array which is the
primary trial to realize the ‘N ’ oscillators array. The oscillator array is designed and
fabricated in Ku-band. Due to the push-push principle, the sub-circuit and the coupling
circuit are designed at the fundamental frequency in C-band. At first, a topology of the
coupled oscillator array is introduced [74]. Second, the coupling circuit which connects the
adjoining oscillators is presented. Then, a push-push oscillator array with three oscillator
is presented.
6.1.1 Coupled Push-push Oscillator Array Principle
Topology of the proposed coupled oscillator array with ‘N ’ oscillators is shown in Fig.
6.1(a). In the oscillator array, adjoining unit oscillators are connected with the coupling
circuit. A push-push oscillator which generates the second harmonic signal (2f0) is used
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(a) Push-push oscillator array topology with N os-
cillators.
(b) Structure of the unit oscillator #1.
Fig. 6.1: Topology of the proposed coupled oscillator array.
as the unit oscillator. The coupling circuit is designed at the fundamental frequency (f0).
The mutual synchronization of the adjoining oscillators is achieved by the coupling circuit.
The phase difference is controlled by the coupling circuit as well. Figure 6.1 (b) shows the
structure of the push-push oscillator used for the unit oscillator. The push-push oscillator
consists of two negative resistance circuits (-r) and a ring resonator which also plays a role
of the power combiner. These two negative resistance circuits generate the fundamental
signal with the same amplitude and 180 degrees phase difference due to the fundamental
resonant field of the common ring resonator. The signals of the two negative resistance
circuits can be written in (6.1) and (6.2).
V1a = a1e
jω0t + a2e
j2ω0t + a3e
j3ω0t + · · · (6.1)
V1b = a1e
j(ω0t+pi) + a2e
j2(ω0t+pi) + a3e
j3(ω0t+pi) + · · · (6.2)
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These two signals are combined in the power combiner circuit. The output signal (Vout1)
can be written by (6.3).
Vout1 = A2e
j2ω0t + A4e
j4ω0t + A6e
j6ω0t + · · · (6.3)
The output signal of the unit oscillator is mainly the second harmonic signal (2f0) due
to the principle of push-push oscillator, while the synchronization between adjoining unit
oscillators can be achieved at the fundamental signal (f0). The signal of the negative
resistance circuit in the unit oscillator #2, V2a, is synchronized with the signal, V1b, in
the unit oscillator #1 by the coupling circuit as shown in Fig. 6.1 (a). The unit oscillator
#1 and #2 are mutually synchronized. The phase difference of the output signals of
the adjoining oscillators had been solved by using the Adler’s equation for the injection
locking [53]-[54], [59]-[62], [75]-[77]. In the injection locked oscillator, the system can be
described as shown in (6.4)
dφ
dt
= ω0 − ωinj + Ainj
A0
ω0
2Q
sin (φ− ψ) (6.4)
where ψ is the phase of injected oscillator, φ is phase of injection signal, ω0 is the free-
running frequency, ωinj is the frequency of injection signal, A0 is the amplitude of free-
running oscillation signal, Ainj is the amplitude of the injection signal, Q is the quality
factor of the oscillator. In the steady state (dφ/dt = 0), the oscillation locking band width
can be written by (6.5).
∆ωlock =
Ainj
A0
ω0
2Q
sin (φ− ψ) (6.5)
The signals of the unit oscillator #2 can be expressed by (6.6) and (6.7).
V2a = a1e
j(ω0t+pi+φ) + a2e
j2(ω0t+pi+φ) + a3e
j3(ω0t+pi+φ) + · · · (6.6)
V2b = a1e
j(ω0t+φ) + a2e
j2(ω0t+φ) + a3e
j3(ω0t+φ) + · · · (6.7)
According to the push-push principle, the output signal of the unit oscillator #2 is given
by (6.8).
Vout2 = A2e
j2(ω0t+φ) + A4e
j4(ω0t+φ) + A6e
j6(ω0t+φ) + · · ·
(6.8)
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In the push-push oscillator, the second harmonic signal is the largest output power
compared to all the other harmonics. Therefore, the main output signal of the unit
oscillator #1 and #2 are expressed by (6.9), (6.10) from (6.3) and (6.8).
Vout1 = A2e
j2ω0tej0 (6.9)
Vout2 = A2e
j2ω0tej2φ (6.10)
Comparing these two output signals, the phase difference of these signals are ‘2φ’. When
this topology is extended for N oscillator array, the phase difference between the unit
oscillator #1 and #N is ‘2(N − 1)φ’ in principle.
6.1.2 Coupling Circuit
Fig. 6.2: Circuit configuration of the coupling circuit.
The proposed coupling circuit which connects the adjoining oscillators is described in
this section. The coupling circuit synchronizes the signals of the adjoining oscillators and
controls the phase difference of these signals. The transmission signal of the coupling cir-
cuit makes adjoining oscillators synchronize. The reflection-signal of the coupling circuit
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(a) Equivalent circuit of the coupling circuit.
(b) Electrical length of the resonances at fa and fc.
Fig. 6.3: Resonant modes of the coupling circuit.
makes the oscillating phase vary. In the proposed coupling circuit, the large phase shift
variation at the resonant frequency is effectively utilized to control the oscillating phase.
Figure 6.2 shows the circuit configuration of the coupling circuit. The coupling circuit is
a two port one. A microstrip rectangular resonator is formed on a dielectric substrate. The
resonator has a open square ring shape and an inner conductor to mount a varactor diode.
The varactor diode, Aeroflex/Metelics’ MSV34, 067-0805, is mounted in the resonator.
The cathode of the varactor diode is connected to the outer conductor while the anode
is connected to the inner conductor. The inner conductor is connected to the ground
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layer through a via hole. A bias circuit for the varactor diode is arranged on the outer
conductor as shown in Fig. 6.2. The bias circuit contains an inductor so as not to affect
the RF performance of the coupling circuit. A T-shaped gap capacitor is formed around
the resonator to separate the DC voltage between the drain voltage in the oscillator and
the control voltage of the varactor diode.
An equivalent circuit of the coupling circuit is shown in Fig. 6.3 (a). Resonant fre-
quencies of the coupling circuit are fa and fc. The fa is a resonant frequency of the
rectangular resonator. The resonant frequency is determined by the dimension shown by
the dashed line in Fig. 6.3 (b). The fc is determined by the electrical length shown by
a solid line which includes the varactor diode. Figure 6.4 shows the measured scattering
parameters of the coupling circuit. A vector network analyzer, HP8510, is used in the
measurement. The resonance of fa is observed at both port 1 and port 2 as shown in
Fig. 6.4 (a), (b). While the resonance of fc is observed at port 2 as shown in Fig. 6.4
(b). The transmission characteristics between the adjoining oscillators is shown in Fig.
6.4 (c). The transmission of the resonance of fc (7.5 GHz) is approximately -35 dB and
that of the resonance of fa at (12.5 GHz) is approximately -15 dB.
The resonant frequency (fc) can be controlled by the control voltage of the varactor
diode as shown in Fig. 6.4 (b). However, the fa is not varied by the control voltage.
Figure 6.5 shows the reflection phase of the coupling circuit at 7.5 GHz. The phase of
S11 is almost constant as shown in Fig. 6.5 (a). The phase of S22 is largely varied by the
control voltage as shown in Fig. 6.5 (b).
Figure 6.6 shows the simulated result of magnetic field distribution of the coupling
circuit by a full-wave simulation at 7.5 GHz. In the simulation set up, input impedance
of port 1 and port 2 are 115 Ω and the amplitude of input signal is 1 V. The varactor
diode is treated as an ideal short circuit in the simulation (Momentum). When a signal
is input to port 1, it is almost reflected. However, when a signal is input to port 2, it is
transferred toward the varactor diode. Therefore, the resonance of fc is observed at 7.5
GHz. According to the measurement results, the characteristic of the coupling circuit is
asymmetrical. In the proposed coupled oscillator array, the unsymmetrical resonance (fc)
is effectively utilized to control the oscillating phase by the much changed reflection-signal
from port 2.
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Fig. 6.4: Measured scattering parameters of the coupling circuit when the control voltage
is varied.
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Fig. 6.5: Measured scattering parameters of the coupling circuit with different control
voltages.
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(a) Input signal from port 1.
(b) Input signal from port 2.
Fig. 6.6: Magnetic field distribution with full-wave (Mom) simulation result of the cou-
pling circuit at 7.5 GHz.
6.1.3 Design of the Oscillator Array
A coupled push-push oscillator array using the unsymmetrical coupling circuit is de-
signed and fabricated. The circuit is fabricated on a Teflon glass fiber substrate as shown
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in Table 3.1. Figure 6.7 shows the circuit pattern of the experimental model of the
push-push oscillator array. Figure 6.8 shows the fabricated experimental model of the
push-push oscillator array with three unit oscillators. The circuit size is 130 mm × 25
mm.
Fig. 6.7: Circuit configuration of the proposed push-push oscillator array which has three
unit oscillators.
The unit oscillators are designed by using the advantage of a simplified push-push
oscillator [27, 28] for frequency stability and high output power. The circuit is composed
of a resonator, negative resistance circuits and an output circuit.
One wave length (λg) microstrip ring is used for the common resonator. The common
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Fig. 6.8: Push-push oscillator array with three unit oscillators.
resonator determines the oscillating frequency. Two negative resistance circuits are cou-
pled with the resonator at both ends of the resonator. Due to the dominant mode of the
resonator, the negative resistance circuits generate 180 degrees phase difference at the
fundamental frequency. An output circuit of the unit oscillator is formed at the center of
the common resonator. The output circuit is coupled with the common resonator at the
maximum voltage points of the second harmonic signal. On the other hand, these points
are null points for undesired odd harmonics including the fundamental signal (f0).
In the negative resistance circuit, a HEMT (Fujitsu’s FHX 35LG) is used for the active
device. The gate port of the HEMT is connected to the ground layer for the gate bias.
The coupling circuit is connected to the drain ports of the HEMTs. At both ends of the
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oscillator array in the unit oscillator #1 and #3, the same layout of the coupling circuit
is formed to keep the symmetry of all the push-push oscillators. The source port of the
HEMT is connected to the ground layer. In the coupling circuit, the unsymmetrical reso-
nance (fc) is used for both the mutual synchronization and the phase control between the
adjoining oscillators. The reflection-signal is varied around 7.5 GHz due to the unsym-
metrical resonance (fc). The fundamental frequency of the unit oscillator is designed at
7.5 GHz for utilization of the unsymmetrical resonance (fc) of the coupling circuit. Due
to the push-push principle, the output signal frequency is 15.0 GHz.
6.1.4 Measurement
The output power and the oscillating frequency of each oscillator and the phase differ-
ence of adjoining oscillators are measured. The phase difference between the unit oscillator
#1 and #2 is φ12. That of between the unit oscillator #2 and #3 is φ23. The drain volt-
age of each oscillator is 3.5 V. The gate voltage is 0 V. The total operating current of the
oscillator array is 0.25 A.
Figure 6.9 shows the experimental result of the output power spectrum of the unit
oscillator #1. A spectrum analyzer (Agilent 8565EC) is used to measure the output
power and the oscillating frequency. A 10 dB attenuator is used for the measurement.
Table 6.1 shows the output power of the harmonics of each unit oscillator. The phase
control of adjoining oscillators are achieved when the control voltage is varied from 6.0
V to 18 V. The maximum output power of unit oscillator #1, unit oscillator #2 and
unit oscillator #3 are +7.00 dBm, +6.67 dBm, +7.50 dBm, respectively. All the unit
oscillators successfully generate the second harmonic signals as shown in Table 6.1 and
Fig. 6.9.
The output power variation of three unit oscillators versus the control voltage is shown
in Fig. 6.10. The output power variation of unit oscillator #1 is from +5.67 dBm to
+7.00 dBm. That of #2 is from +6.17 dBm to +6.67 dBm. That of #3 is from +6.33
dBm to +7.50 dBm.
The oscillating frequencies at the second harmonic signal (2f0) of these three oscillators
are 14.758 GHz, 14.761 GHz, and 14.743 GHz at the control voltage of 6.0 V. Figure 6.11
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Fig. 6.9: Output power spectrum of the unit oscillator #1 in full span of 50 GHz with 10
dB attenuator when the control voltage is 6.0 V.
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Fig. 6.10: Output power of three push-push oscillators vs. control voltage.
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Table 6.1: Suppression of undesired harmonics at 0 V tuning voltage.
Unit oscillator #1 Unit oscillator #2 Unit oscillator #3
2f0 +6.33 (dBm) +6.17 (dBm) +6.83 (dBm)
f0 -6.83 (dBc) -20.16 (dBc) -21.33 (dBc)
3f0 -21.33 (dBc) -21.33 (dBc) -21.67 (dBc)
4f0 - 14.00 (dBc) -20.50 (dBc) -9.33 (dBc)
5f0 -23.66 (dBc) -38.33 (dBc) -28.00 (dBc)
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Fig. 6.11: Output power of three push-push oscillators vs. control voltage.
shows the variation of the oscillating frequencies of three unit oscillators versus the control
voltage. The oscillating frequency of unit oscillator #1 is from 14.732 GHz to 14.763 GHz.
That of #2 is from 14.759 GHz to 14.799 GHz. That of #3 is from 14.703 GHz to 14.766
GHz. The measured results of three oscillators are in agreement with the locking band
width (∆ωlock) derived from formula (6.5). Thus, mutual synchronization of three unit
oscillators is successfully achieved in the fabricated oscillator array. The variation of the
oscillating frequency depends on the characteristics of the coupling circuit.
The suppression of the undesired fundamental signals of these three unit oscillators is
-6.83 dBc, -20.16 dBc, and -21.33 dBc, respectively, as shown in Table 6.1 and Fig. 6.9.
Undesired odd harmonics are also suppressed as well as the fundamental signal. The
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Fig. 6.12: Phase noise performance of the unit oscillator #1 with -10 dB attenuator when
the control voltage is 6.0 V (span : 10.0 MHz, RBW : 10 kHz, VBW : 1 kHz).
output power of the fourth harmonic signal is higher than that of the other odd harmonic
signals due to the push-push principle.
Figure 6.12 shows the output power spectrum to estimate the phase noise of the unit
oscillator #1. The phase noises of these three unit oscillators are -103.5 dBc/Hz, -95.8
dBc/Hz, and -108.0 dBc/Hz at the offset frequency of 1-MHz and -81.0 dBc/Hz, -72.2
dBc/Hz, and -81.7 dBc/Hz at the offset frequency of 100-kHz, respectively.
The phase difference between the adjoining oscillators is measured. In the measurement,
a double balanced mixer (Maki M10620LA) and the oscilloscope (IWATSU DS-5354) are
used. The output signals of the adjoining unit oscillators are down converted by the
double balanced mixer. The input LO frequency is 14.500 GHz with the output power of
0 dBm. Figure 6.13 shows the phase differences of adjoining oscillators versus the control
voltage. The phase difference φ12 between the unit oscillator #1 and #2 is from +13
degrees to +524 degrees. The phase difference φ23 between the unit oscillator #2 and #3
is from +15 degrees to+328 degrees. The difference is mainly caused by the individual
difference of the varactor diodes.
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The proposed coupled push-push oscillator array achieves synchronization of the ad-
joining unit oscillators and excellent phase shift over 360 degrees. These results are good
for the phased array application.
6.1.5 Summary
A principle of coupled push-push oscillator array which is synchronized at the funda-
mental frequency is presented, and its basic behavior is demonstrated. The unsymmetrical
resonator is used for both the mutual synchronization and the phase control of the ad-
joining oscillators. In the experiment, over 180 degrees phase shift between the adjoining
oscillators is obtained for phased array applications. The oscillating frequency of the unit
oscillator is considerably stable due to the common resonator in the unit oscillator. The
proposed oscillator array is very promising for realizing the beam steering system and the
spatial RF power combining.
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6.2 A Sequential Injection Locked Coupled Push-push
Oscillator Array
This section describes a sequential injection locked coupled push-push oscillator array
using unilateral coupling circuit. The aim of this study is also same with the section 6.1.
However, the approach of the oscillator array is different.
The proposed oscillator array consists of unit oscillators and coupling circuits. One
unit oscillator is a master oscillator, the others are slave oscillators. Unit oscillators are
connected with the coupling circuits for the mutually synchronization. The output signal
of the unit oscillators is the second harmonic signal (2f0). The second harmonic signal
is obtained by the electric coupling between the resonator and the output circuit. The
fundamental signal (f0) in the master oscillator is the injection signal used for the mutual
coupling between the adjoining unit oscillators. The fundamental signal is obtained by
the magnetic field coupling between the resonator and the output circuit for the injection
signal. The phase shift of the output signals between the adjoining unit oscillators is
twice larger as compared with the phase shift in the coupling circuit due to the push-push
principle.
The injection signal obtained from the master oscillator is transferred to the slave oscil-
lators through the directional coupling circuit. In the coupling circuit, a buffer amplifier
makes the injection signal directivity and a phase shifter controls the phase of the in-
jection signal. The phase shift of the output signals between the adjoining oscillators is
realized by the directivity and the phase control of the injection signal.
In this section, the basic operations of the unit oscillator and the directional coupling
circuit are explained. Moreover, a design of the three elements coupled push-push oscil-
lator array is presented. Next, the push-push oscillator array is designed and fabricated
in Ku-band. The basic operation of the coupled oscillator array is demonstrated in the
experiment.
6.2.1 Principle of Proposed Coupled Oscillator Array
The topology of the proposed N -unit coupled oscillator array is shown in Fig. 6.14.
When the coupled oscillator array consists of N unit oscillators and (N − 1) coupling
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Fig. 6.14: Topology of the sequential coupled oscillator array
circuits, the unit oscillator #1 is a master oscillator to determine the oscillating frequency
for the other slave unit oscillators. A dual band push-push oscillator is adopted in the
oscillator array. The push-push oscillator consists of a common resonator, two sub-circuits
and two output circuits The resonant signal ,Vr1, in the resonator of the unit oscillator
#1, can be expressed with (6.11).
Vr1 = A1e
jω0t + A2e
j2ω0t + · · ·+ Anejnω0t + · · · (6.11)
n is integer and ω0 is the angular frequency (ω0 = 2pif0). The unit oscillator generates
the fundamental signal (f0) for the mutually synchronization and the second harmonic
signal (2f0) for the output signal. The fundamental signal (f0) is applied for the injection
locking of the slave unit oscillators. The injection signal obtained from the unit oscillator
#1 can be written with (6.12).
Vinj = Ainje
jω0t (6.12)
Ainj is the amplitude of the injection signal. The second harmonic signal which is the
output signal of the unit oscillator #1, is written by (6.13).
Vout1 = A2e
j2ω0t (6.13)
The injection signal is transferred to the coupling circuit. The coupling circuit consists
of the buffer amplifier and the phase shifter. In the coupling circuit, the buffer amplifier
makes the injection signal directivity and the phase shifter controls the phase of the
injection signal. The injection signal injected to the unit oscillator #2 (V ′inj) is written
by (6.14),
V ′inj = A
′
inje
j(ω0t+ψ) (6.14)
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where A′inj is a amplitude of the injection signal at the output of the coupling circuit and
ψ is a phase shift given by the coupling circuit. The injection signal through the coupling
circuit is transferred to the slave unit oscillator #2. The unit oscillator #2 also generates
both the fundamental signal and the second harmonic signal synchronized with those of
the unit oscillator #1. The injection signal and the resonant signal in the unit oscillator
#2 are mutually synchronized. In the injection locked oscillator, the phase difference
between unit oscillators can be described by the Adler’s equation (6.4),
In the steady state (dφ/dt = 0), the oscillation locking band width is written by (6.5).
Then, the resonant signal of the unit oscillator #2 is written by (6.15).
Vr2 = A1e
j(ω0t+ψ) + A2e
j2(ω0t+ψ) + · · ·+ Anejn(ω0t+ψ) + · · · (6.15)
The fundamental signal has the phase difference of ψ as compared to that of the unit
oscillator #1. Due to the push-push principle, the output signal of the unit oscillator #2
is expressed by (6.16).
Vout2 = A2e
j2(ω0t+ψ) (6.16)
Therefore, the phase difference between the output signals of the adjoining output signals,
φ, is obtained from (6.13) and (6.16).
φ = 6 Vout2 − 6 Vout1 = 2(ω0t+ ψ)− 2ω0t = 2ψ (6.17)
In the same way, the fundamental signal from the unit oscillator #2 transferred to the
unit oscillator #3 through the coupling circuit #2. Injection locking can be realized with
2ψ phase difference between the adjoining oscillators.
6.2.2 Unit Oscillator
Figure 6.15 shows the schematic of the unit oscillator. The unit oscillator is used for
both the master and the slave oscillators. The unit oscillator consists of one wave length
(λg) microstrip ring resonator at the fundamental frequency (f0), two sub-circuits, and two
output circuits. Figure 6.16 shows the harmonic voltage resonant field in the microstrip
ring resonator. To obtain the fundamental signal (f0), at point D, the output circuit of f0
must be coupled with the resonator using the magnetic coupling, because the point D is a
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Fig. 6.15: Circuit configuration of the unit oscillator.
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Fig. 6.17: Simulation model and result.
maximum resonant current point at the fundamental signal. A quarter wave length (λg/4)
open stub is formed in the output circuit at the point D to control the coupling condition
of the fundamental frequency. The output port for the fundamental signal is formed at
the right end of the output circuit. The left end of the output circuit is the input port
of the injection signal in the slave oscillator for the mutual synchronization. That of the
master oscillator is terminated by a chip resistor. On the other hand, the output circuit
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of 2f0 is coupled with the resonator by electric coupling at point B because point B is
a maximum resonant voltage point of the second harmonic signal (2f0). Utilizing the
electromagnetic resonant field, both the fundamental and the second harmonic signal are
selectively obtained from the unit oscillator.
Figure 6.17 (a) shows the simulation model of the micristrip ring resonator. Port 1
and port 2 are the signal source port where the sub-circuits are connected. Port 3 is the
output port for the fundamental signal. Port 4 is the output port for the second harmonic
signal. The left end of the output circuit of f0 is terminated by a 100 Ω resistor in the
simulation. The resonator model is simulated by the full wave momentum simulation
(ADS Momentum). The simulated insertion loss of the resonator is shown in Fig. 6.17
(b). At the fundamental frequency, the insertion loss of S31 is -10.4 dB and S41 is -18.3 dB.
At the second harmonic frequency, the insertion loss of S41 is -3.4 dB and S31 is -25.4 dB.
Then the fundamental signal is transferred to port 3 and the second harmonic signal is
transferred to port 4. Figure 6.18 shows the magnetic field of the resonator and the output
circuits. Figure 6.18 (a) shows the resonant field at the fundamental frequency. Figure
6.18 (b) shows the resonant field at the second harmonic frequency. At the fundamental
frequency, port 1 and port 2 generate anti-phase and same amplitude signals as shown in
6.18 (a). The signal is transferred to port 3. At the second harmonic frequency, port 1
and port 2 generate in-phase and same amplitude signals as shown in Fig. 6.18 (b). The
resonant signal is transferred to port 4.
The magnetic field coupling of the fundamental signal (f0) and the electric coupling of
the second harmonic signal (2f0) is successfully demonstrated in the simulation.
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(a) Resonant field at the fundamental frequency.
(b) Resonant field at the second harmonic frequency.
Fig. 6.18: Magnetic field of the resonator in the dual band push-push oscillator.
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6.2.3 Coupling Circuit
Vg
Vd
Vt
Input port
(Port 1)
Output port
(Port 2)
Variable capacitance
Buffer amplifier Phase shifter
Fig. 6.19: Circuit configuration of the coupling circuit.
The coupling circuit is used for the mutual synchronization and the phase control
between the adjoining unit oscillators. The coupling circuit consists of a buffer amplifier
and a branch line phase shifter. The buffer amplifier makes the injection signal directivity.
The branch line phase shifter controls the phase shift of the injection signal.
Figure 6.19 shows the schematic circuit configuration of the coupling circuit. The circuit
is formed on a teflon glass fiber substrate. The substrate parameters are shown in Table
3.1. An active device pHEMT (ATF36077:AVAGO) is used in the buffer amplifier. At the
gate port of the buffer amplifier, the output circuit of f0 shown in Fig. 6.15 is connected.
The source port is connected to the ground. The drain port is connected to the branch
line phase shifter. Between the buffer amplifier and the branch line phase shifter, a chip
capacitor is mounted to separate the drain bias voltage and the tuning voltage of the
phase shifter. Two varactor diodes (MA46H: MA/COM) are mounted on the branch line
phase shifter. The bias circuit for the varactor diode is formed between the phase shifter
and the output port (port 2). The output port is connected to the slave unit oscillator.
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The coupling circuit is designed at the fundamental frequency (f0) of 8 GHz. Figure
6.20 (a) shows measured scattering parameters of the coupling circuit. A vector network
analyzer (Agilent, HP 8510) is used for the measurement. In the experiment, the gate bias
voltage is -0.8 V and the drain bias voltage is 1.5 V. The tuning voltage of each varactor
diode is 15 V. The operating current of the buffer amplifier is 10 mA. The coupling circuit
has the 24 dB directivity (|S21| − |S12|) at 8.0 GHz. Figure 6.20 (b) shows the phase shift
at the fundamental frequency of 8.0 GHz. The phase shift of 98.4 degrees is obtained
when the tuning voltage is varied from 0 V to 20 V.
(a) Measured scattering parameters.
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(b) Measured phase shift of the coupling circuit.
Fig. 6.20: Performance of the coupling circuit.
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6.2.4 Two Elements Coupled Push-push Oscillator Array
Vd Vd Vd Vd
Vg2
Vd2
Vt
Output unit oscillator #1 Output unit oscillator #2
100 Ω
15 pF
Fig. 6.21: Circuit configuration of three elements push-push oscillator array.
Design and fabrication
Two elements push-push oscillator array is designed and fabricated. Figure 6.21 shows
the schematic circuit configuration of the experimental model. At the output ports of
the unit oscillators, the second harmonic signals (2f0) are obtained. The characteristic
impedance at the output ports is 50 Ω. The unit oscillator and the coupling circuit are
connected by microstrip lines. At the ends of the output circuit of f0, 100 Ω chip resistors
and 15 pF chip capacitors are connected in series for the termination and the DC block.
Figure 6.22 shows the photo of the push-push oscillator array. The circuit size is 50
mm × 110 mm. Two unit oscillators and one coupling circuits are integrated on the
Teflon glass fiber substrate. In the sub-circuit of the unit oscillator, pHEMT (ATF36077
: AVAGO) is used for the active device as well.
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Fig. 6.22: Fabricated two elements push-push oscillator array.
Experiment
The performance of the fabricated three elements coupled push-push oscillator array is
measured. The output power spectrum of the unit oscillator #1 is shown in Fig. 6.23. The
drain bias voltage of the unit oscillator is 3.0 V with the operating current of 100 mA. The
spectrum analyzer (Agilent, 8565EC) is used to measure the output power spectrum and
the phase noise. The output power and the oscillating frequency of the second harmonic
signal is measured by the frequency counter (Agilent, 53152A). The output power of the
unit oscillator #1 and #2 are +7.23 dBm, and +3.60 dBm with 0 V tuning voltage of
the phase shifter, respectively. The frequency of these two oscillators is 16.40 GHz at the
tuning voltage of 0 V. The suppression of undesired harmonic signals is also measured.
Table 6.2 shows the suppression of undesired harmonics. Both of the unit oscillators
achieve good suppression of undesired harmonics. The phase noise performance of the
unit oscillator #1 is -102.8 dBc/Hz at the offset frequency of 1-MHz and -78.7 dBc/Hz
at the offset frequency of 100-kHz. That of the unit oscillator #2 is 100.3 dBc/Hz at the
offset frequency of 1-MHz and -78.0 dBc/Hz at the offset frequency of 100-kHz. These
two adjoining oscillators have almost same output performances.
The phase difference between the signal of the unit oscillators is measured by a oscillo-
scope (IWATSU, DS-5354). For the measurement, the output signals are down converted
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Fig. 6.23: Output power spectrum of the unit oscillator #1.
by the double balanced mixer (Maki, M10620LA) and the signal generator (HP8365B).
Figure 6.24 shows the phase difference between the output signal of the unit oscillator #1
and the unit oscillator #2. The output phase difference between the unit oscillator #1
and the unit oscillator #2 can be varied from -120 degrees to +94 degrees with the tun-
ing voltage between 0 V and 27 V. Large phase shift over the 180 degrees is successfully
confirmed.
Table 6.2: Suppression of Undesired Harmonics with 0 V Tuning Voltage.
Unit oscillator #1 Unit oscillator #2
(dBc) (dBc)
f0 -26.40 -9.60
3f0 -38.06 -33.93
4f0 -27.56 -14.60
5f0 -30.40 -42.43
112
6 Coupled Push-push Oscillator Array
Fig. 6.24: Phase difference of the output signal of the adjoining unit oscillators.
6.2.5 Summary
A unilaterally coupled push-push oscillator array using the directional coupling circuit
is presented. As the dual band push-push oscillator is effectively adopted for the unit os-
cillator, the injection locking between the adjoining unit oscillator and twice large phase
shift of the output signal are successfully achieved. The phase control between the adjoin-
ing unit oscillators is realized by the unilateral injection signal, phase shift of the injection
signal, and push-push principle. The output performance of each unit oscillator is almost
same with good suppression of the fundamental signal and the undesired harmonics. The
proposed coupled push-push oscillator array is promising and effective for achieving the
simple and compact beam steering systems.
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This dissertation presents the high order harmonic oscillators and its application. A new
design method of the SEHO (Selectively Enhanced Harmonic Oscillator) is proposed
and demonstrated. The circuit structure of the proposed oscillators is much simpler than
that of the conventional oscillators and good output performances are confirmed.
The 8th harmonic oscillator is a very attractive technology because it can generate
eight times higher frequency signal. In fact, the oscillator can generate the millimeter-
wave signal at 50 GHz using inexpensive semiconductor devices for 6 GHz applications.
Utilizing the excellent coherency of the resonator, the desired 8th harmonic signal is
selectively enhanced and obtained. The author achieves the 8th harmonic oscillator for
the first time and the oscillator is expected for the application in millimeter-wave to THz
bands.
In the Gunn diode harmonic oscillator, the coherency of the line resonator and the
boundary condition obtained by the Gunn diodes are utilized. The boundary condition
of the resonator is given by the RF impedance characteristic of the Gunn diodes. As
the result, excellent output performances such as the low phase noise, the high output
power and the outstanding suppression of undesired harmonics are obtained. This Gunn
diode harmonic oscillator is also expected as the design method in millimeter-wave to
THz bands.
In the positive feedback push-push VCO, the feedback loop which acts as the resonator
is varied by the varactor diode. The oscillating frequency is controlled by tuning the
electrical length of the feedback loop. This push-push VCO design is comparatively easy
because the circuit components such as the amplifier, phase shifter, and power combining
circuit can be designed separately. The proposed push-push VCO can be applied to the
signal source of the FM-CW radar because it has very good linearity of the frequency
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versus the tuning voltage.
The coupled oscillator array is developed for the phased array application. Adjoining
push-push oscillators using the coherency are mutually synchronized and the phase of the
oscillators is controlled keeping the constant output frequency. Due to the advantage of
the harmonic oscillator, the phase variation range of the output signal is twice larger than
that of the phase control circuit.
Figure 7.1 shows the possibility of the proposed SEHO. The semiconductor technology
will be progressing. Millimeter-wave semiconductor devices of nm order CMOS, SiGe or
InP HBT, or high power millimeter-wave GaN devices will be appear in near future. A
system integration is also progressing. 3D-MMIC, 3D-SiP, and 3DTSV (Three Dimension
Through-Silicon Via) technologies will be a commercial products in near future. The
oscillators described here are expected to be a fundamental approach and technique in
microwave to THz bands. Adopting these semiconductor devices, 3D-system integration
processes, and high order harmonic oscillator proposed in this dissertation, a very low
cost millimeter-wave oscillator and THz wave VCO chip will be realized.
Selectively Enhanced Harmonic Oscillator (SHEO)
(This work)
Semiconductor technologies
100 GHz~
MMIC, 3D-MMIC
3D-SiP, 3D-integration
 technologies
-High power millilmeter wave chip
-Sub-millimeter-wave ~ THz VCO chip
Fig. 7.1: Possibility of the SEHO.
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